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Summary

Optical nonlinearities of liquid crystals owing to laser induced

molecular reorientation or laser induced thermal index change, were studied in

the context of optical wave mixings and real time imagings. The basic

mechanisms and the dynamics of the nonlinearities were studied in detail in

theories, and in experiments using lasers of various time scales and temporal

characteristics. Quantitative documentation of nanosecond laser induced

thermal grating was performed for the first time, and further established the

optical imaging and switching capabilities of nematic liquid crystal film.

The conversion of infra-red images to visible images via real time optical

wave mixing process was also demonstrated. The capability of optical four

wave mixing to generate amplified reflection and self oscillation in nematic

liquid crystal film was also demonstrated for the first time. Such a process

will be useful for image processing as well as laser oscillator adaptive

optics applications. New optical intensity switching effects and optical beam

amplifications and infrared laser wave mixings were also experimentally

demonstrated, that will find applications in optical switching, image

processing and power self limiting devices.

0%
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I. Introduction

Current research and development in optical imaging and signal processing

have largely employed the nonlinear optical and electro-optical properties of

certain crystals and thin film devices. In combination with new novel

nonlinear optical processes, and cw or pulsed lasers covering the UV to far IR

spectrum, useful high resolution imaging system with aberration correction

capability and other image processing capabilities, optical light modulators,

switches and various signal processing devices and adaptive optics

applications have emerged. Nevertheless, the number of useful nonlinear (or

otherwise) optical materials for meeting these new application demands is

relatively limited.

This program is devoted to a detailed study of the special nonlinear

optical properties of liquid crystal films for optical wave front conjugation

and in related four-wave mixing processes. The fabrication of stable, high

optical quality liquid crystal thin film has been established for many years.

Commercially, an ever increasing number of liquid crystal of wide ranging

physical characteristics are becoming available. These basic advantages,

together with the recently discovered extraordinarily large optical

nonlinearities make liquid crystals an attractive candidate for nonlinear

optical switches and devices. We anticipate that some of the processes under

study will in fact find immediate applications.

There are two distinct basic mechanisms for nonlinearity in liquid

crystal. One is the optical field induced reorientation of the axially

birefringent nematics. Perhaps the most important characteristics of liquid

crystals is their large optical anisotoopy AE (AE-e-c is the dielectric

constant for optical field parallel, and perpendicular to the director

(optical) axis of the liquid crystal, respectively). Typically Ac ranges from
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0.4 to 1. Recent discovery by this investigator that it is possible to induce

director axis reorientation with relatively low power lasers (with intensities

on the order of watts/cm 2) had opened up a wide range of possibilities for

nonlinear optical effects and applications. Most of the pioneer work have

been conducted by this investigator in the past few years. Work done during

the period supported by the Air Force Office of Scientific Research is

detailed in the next section.

The other mechanism for optical nonlinearity is the naturally present

high thermal index gradients of liquid crystal, especially near the nematic

isotropic phase transition temperature Tc. At temperatures far from Tc, both

dne/dT and dno/dT (where ne and no are the extraordinary and the ordinary

refractive indices, respectively) are already higher than most high thermal

index materials (e.g. cyclohexane). Near Tc, the magnitudes of these two

increase by more than an order of magnitude. Since many nonlinear processes,

e.g. optical wave mixings, wave front conjugations, self-phase modulation

etc., depends on the laser induce thermal index changes, these effects can be

observed in liquid crystals at much lower laser power (or energy). More

importantly, since the required refractive index change can be achieved with

high energy pulsed lasers, the (nonlinear) processes can also occur with a

fast on-time.
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II. Research Accomplishment

In the following paragraphs, we will summarize our research

accomplishment into six broad categories. The related publications,

conference presentations and other forms of research records are listed in the

next section.

During the period 8/15/84 to 5/14/88:

1. We have conducted a thorough review of the theory and experiments on

the orientational optical nonlinearity of liquid crystals in their

nematic phase. We have compared and contrasted the nonlinearity with

those observed previously in the liquid phases. A detailed examination

of their dynamics (rise- and decay-times) and how these dynamics are

affected by various liquid crystalline parameters (like viscosity,

temperature, elastic constants, etc.) and geometrical configurations

and laser intensity is performed. An important point that is borne out

in actual experimentations is that the response of the liquid crystal

reorientation can be faster if higher intensity lasers are used.
6

Nanosecond response is possible with Megawatt/cm 2 optical intensity.

The extraordinarily large optical nonlinearity associated with director
0

reorientation has also been utilized to gain further insights into -

several nonlinear optical processes like self-focusing, self-phase

modulation, optical bistability, nonlinear wave guiding and optical

wave mixings. We have also developed a theory for the nonlocal

dependence of the director axis reorientation with respect to the

incident laser spot size, and conducted experimental measurements

that substantiated the theoretical results. These nonlocal dependence



6

will be important in assessing the amount of cross talks in optical . .

processing using multi-beams, and in the resolution limit in optical
S

imaging processes.

2. We have also conducted a thorough theoretical analysis and experimental

study of the basic mechanisms and the dynamics of laser induced thermal

index change in nematic liquid crystals. In particular, we have

performed a calculation based on current molecular theory of nematogen
S

on both the ordinary and the extraordinary refractive index changes with N

temperature, and the index (holographic) grating associated with two

laser beams mixings. Experimentally, we have employed nanosecond laser b

S
pulses to generate the thermal grating and studied its rise and decay

time. Very interesting high frequency (GHz) interference effects

associated with laser induced acoustic waves are observed in the first

100 ns of the rise part. The decay dynamics, and the anisotropy of the i

dynamics were found to be in agreement with the theoretical expectations.

This detailed study has conclusively demonstrated that laser induced

thermal grating and index change in nematic liquid can be a very useful

mechanism for applications; future research on this is clearly call

for.

3. In line with the thermal grating studies reported in item 2 above, we

have also looked into the quasi steady state case where the thermal .N.

grating is induced by laser pulses on the order of ms, on the order of

the thermal decay time constant. For this case, as discussed in the

attached preprints, the grating associated with two beam mixings can be

maximized if the grating spacing is large. In conjunction with the

----- ----
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extraordinarily large thermal nonlinearity, we have observed for the

first time wave front conjugation with gain in a nematic liquid crystal

film, and the related self-oscillations, using low power cw visible

laser. This opens up a rather exciting new area, e.g., the possibility

of image amplification, ring oscillator amplifier, etc., associated with

these two wave mixing processes. Moreover, the obsorption constant of

the liquid crystal can be increased with traces of disolved dye that ,'

absorbs in the IR regine, and thus one can extend all these studies to

IR lasers.

4. Related to items 2 and 3 is the process of so-called nondegenerate four

wave mixing, whereby the real time holographic grating is generated with

lasers of one wavelength, and the image is reconstructed at another de-

sired wavelength. We have, as an example, demonstrated the possibility

of converting infra-red images to the visible. Obviously, the reverse

is also possible. It is also possible to have an incoherent to coherent

image conversion using a similar four wave mixing scheme, but it re-

mains to be demonstrated. An interesting observation is that using ,

liquid crystals "doped" with IR obsorbing dyes, IR laser energies on the

order of lmj/cm 2 or so are sufficient for the wavelength conversion,

and at a relatively fast time scale (nanoseconds on-time, microseconds

off-time).

5. We have also followed up on our previous research expertise in

transverse self-phase modulation and conducted studies on some novel

transverse switching processes. This includes optical power limiting

and laser self-bending effects. More recently, we have extended this
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result to applications in the infrared regime, where there are

relatively few room-temperature 
nonlinear materials.

6. We have experimentally and theoretically shown for the first time the

possibility of obtaining large gain in Kerr media by degenerate

multiwave mixing. This effect, which is previously thought possible

only in photorefractive material, can be observed in any highly

nonlinear thin film, and may be applied to various phase conjugation,

beam/image amplification, oscillation, and wave-mixing based nonlinear

optical devices.

I.q
U.:

I

44

°V.
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III. Li_t uf Publications

III.A. Refereed Journals (reprints attached)

1. The mechanism and dynamics of transient thermal grating diffraction

in nematic liquid crystal films I.C. Khoo and R. Normandin, IEEE

J. Quantum Electronics, QE21, 329 (1985).

2. Liquid crystals--nonlinear optical properties and processes. I.C. Khoo

and Y.R'. Shen. (Invited paper) Optical Engineering, 24, 579 (1985).

3. Four wave mixing with gain using liquid crystal film. I.C. Khoo,

T.H. Liu, R.R. Michael, G.M. Finn and J.Y. Hou, SPIE Vol. 613, 70 .

(1986).

4. Laser self-limiting and bending using nematic liquid crystal film.

I.C. Khoo et al. Published in Proceedings of SPIE Optoelectronic

Conference, SPIE Vol. 613, 43 (1986).

5. Infra-red to visible image conversion capability of nematic liquid

crystal film. I.C. Khoo and R. Normandin, Appl. Phys. Letts.

47, 350 (1985).

6. Nonlinear optical properties of liquid crystal films for optical

imaging processes. I.C. Khoo, Optical Engineering, 25, 198 (1986).

7. Wave front conjugation with gain and self-oscillation with a nematic

liquid crystal film. I.C. Khoo, Appl. Phys. Letts. 47, 908 (1985).

.JN N N
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8. Dynamic gratings and the associated self-diffractions and wave front

conjugation processes in nematic liquid crystals. I.C. Khoo, r
Invited paper. IEEE Journal of Quantum Electronics. QE22, 1268

(1986).

9. Passive optical self-limiter using laser induced axially symmetric and

asymmetric transverse self-phase modulations in a liquid crystal

film. I.C. Khoo, G. Finn, R.R. Michael and T.H. Liu. Optics

Letters 11, 227 (1986).

10. Theory and experiment on optically induced nematic axis reorientation

and nonlinear effects in the nanosecond regime. I.C. Khoo,

R.R. Michael and P.Y. Yan. IEEE J. Quant. Electronics. QE 23, 267

(1987).

11. Nonlocal transverse dependence of optically induced director axis '

reorientation of a nematic liquid cyrstal film--theory and

experiment. I.C. Khoo, P.Y. Yan and T.H. Liu. J. of Optical

Society of America B, Vol. 4, p. 115 (1987).

12. Transverse self-phase modulation optical bistability. Invited paper.

Proceedings of the International Conference on Lasers '84, p. 196.

13. Probe beam amplification via two- and four-wave mixings in a nematic

liquid crystal film. I.C. Khoo and T.H. Liu, IEEE J. Quantum

Electronics, IEEE J. Quant. Electronics, JQE 23, 171 (1987).

z z-,
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14. Simultaneous occurrence of phase conjugation and pulse compression in

stimulated scatterings in liquid crystal mesophases. I.C. Khoo et

al., IEEE J. Quant. Electronics, JQE 23, 1344 (1987).

15. Transverse self-phase modulation and bistability in the transmission

of a laser beam through a nonlinear thin film. I.C. Khoo et al.

J. Opt. Soc. Am B4, 886 (1987).

16. Probe beam amplification via two- and four- wave mixing in a Kerr-like

(liquid crystal) medium. I.C. Khoo and T.H. Liu, Mol. Crystal and

Liquid Crystals, Vol. 143, 57 (1987).

17. Laser spot size dependence, nonlocality and saturation effect in

transverse bistability. I.C. Khoo, T.H. Liu and P.Y. Yan and

J.Y. Hou. Invited paper. Proceedings of the SPIE 1986 Quebec

International Symposium on Optical Chaos, SPIE Vol. 667, p. 220

(1986).

18. Probe beam amplification via degenerate optical wave mixing in a Kerr

medium. T.H. Liu and I.C. Khoo. IEEE J. Quantum Electronics

JQE 23, 2020 (1987).

19. Optical multiwave mixings in silicon. I.C. Khoo and R. Normandin.

Applied Physics Letters, 52, 525 (1988).
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20. Nonlinear optical processes and applications in the infrared with

nematic liquid crystals. Invited Paper. Proceedings of American

Chemical Society Symposium on Electroactive Polymers (April 1987,

Denver, CO).

21. Low power (lO.61}m) laser beam amplification via thermal grating

mediated degenerate four wave mixings in a nematic liquid

crystal film. I. C. Khoo et al. J. Opt. Soc. Am. B5, p. 202 (1988).

III.B. Book Chapters

"Nonlinear Optics of Liquid Crystals" by I. C. Khoo in "Progress in Optics,"

Vol. XXVI, ed. E. Wolf (North Holland Press, 1988).

4.

4?v

4"-
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IV. Conference Presentations

S

1. Optical wave mixings in the mesophases of liquid crystals using

nanosecond lasers. I.C. Khoo, Presented at the 1984 Annual Meeting of

the Optical Society of America, October 1984.

2. Cavityless optical switching elements using nonlinear self-phase

modulation. I.C. Khoo and T.H. Liu, Presented at the 1984 Annual S

Optical Society of America Meeting, October 1984.

3. Transverse self-phase modulation bistability in a nonlinear thin-film
S

theory and experiment. I.C. Khoo, T.H. Liu and R. Normandin, .

International Conference on Lasers and Application--Lasers '84,

November 1984.

4. Optical bistability of a dielectric cladded thin film near the total

internal reflection state--theory and experiment--I.C. Khoo and

J.Y. Hou. Presented at the Conference on Lasers and Electro-Optics,

Baltimore, 1985.

5. Infra-red to visible image conversion using four-wave mixing in a liquid .

crystal film. I.C. Khoo and R. Normandin. Presented at the Conference

on Lasers and Electro-Optics, 1985.

6. Nondegenerate four wave mixing and IR to visible image conversion in

liquid crystal film. I.C. Khoo et al., ,

Annual Meeting of Optical Society of America, Washington, D.C. (1985).

Si
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7. Nonlocal transverse dependence of liquid crystal directory

reorientation and nonlinearity induced by a laser beam. I.C. Khoo et

al., presented at the 1985 Annual meeting of the Optical Society

of America, Washington, D.C.

8. Saturation and nonlocal effect in transverse self-phase modulation

bistability. I.C. Khoo et al. Presented at the 1985 Annual meeting of

the Optical Society of America, Washington, D.C.

9. Laser self-power limiting and self bending effect using nematic films.

I.C. Khoo et al. presented at the SPIE Technical Conference,

January 1986, Los Angeles, California.

10. Wave front conjugation with gain in a nematic liquid crystal film.

I.C. Khoo. presented at the SPIE Technical Conference, January

1986, Los Angeles, California.

11. Laser spot size dependence, nonlocality and saturation effect in

transverse bistability. Invited talk presented at the Quebec

International Symposium on Optical Chaos, June 1986.

12. Nonlinear optics of nematic liquid crystal. Invited talk. Presented at

the 1986 SPIE Annual International Symposium on Optical and

Optoelectronic Applied Sciences and Engineering, August 1986.
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13. Two and four wave mixing in liquid crystal. Invited talk. Presented at

the 1986 SPIE Annual International Symposium on Optical and

Optoelectronic Applied Sciences and Engineering, August 1986.

14. Beam amplification by two wave mixing via moving gratings in liquid

crystal film. Invited talk. Presented at the International Topical

meeting on Optics of Liquid Crystals, Italy, Napoli, July 1986.

S

15. Beam amplification via thermal and reorientational nonlinearities in

liquid crystal films. Invited talk. Presented at Thomson CSF, Orsay,

France, July 1986.

16. Phase conjugation and pulse compression via stimulated scattering in

the isotropic and mesophases of liquid crystals, I.C. Khoo et al.

Presented at Annual Meeting of the Optical Society of America, Oct.

1986, Seattle, Washington.

17. Beam amplification via dynamic wave mixings in liquid crystal film.

I.C. Khoo and T.H. Liu. Presented at Annual Optical Society of

America, October 1986, Seattle, Washington.

18. Theory of self-phase modulations, optical switching, and transverse

bistability in the transmission of a laser through a nonlinear thin film.

I.C. Khoo et al. Presented at the 1986 Annual Optical Society Meeting,

Seattle, Washington, October 1981.

NO
P,~I'4 ~ \.V'Ks2' ~-~ '*-if~.:
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19. Theory and experiment on the nonlocal radial dependence of laser W

induced molecular reorientation in a nematic film. I.C. Khoo et al.

Presented at 1986 Annual Optical Society Meeting, Seattle, Washington,

October 1986.

20. Optical wave mixing and nonlinear optics of nematic liquid crystal film

in the near- and far-infrared regime. I.C. Khoo, G.M. Finn and

R.R. Michael. Conference on Lasers and Electro-Optics, Baltimore, April

1987. 5

21. Multiple nonlinear film for optical wave mixing. I.C. Khoo,

G.M. Finn, T.H. Liu and R.R. Michael. CLEO, 1987, Baltimore.

22. Degenerate four wave mixing and beam amplification in a Kerr-medium T.H.

Liu and I.C. Khoo. IQEC, 1987, Baltimore.

23. Nonlinear optical processes and applications in the infrared with

nematic liquid crystals. Invited talk, American Chemical Society

Symposium on Electroactive Polymers (April 5-10, 1987, Denver, CO).

24. Infrared optical wave mixing and amplification with liquid crystal

nonlinearity. I.C. Khoo et al. SPIE Annual Optoelectronic Conference.

San Diego, CA, August 1987.

'9

25. 1.06pm nanosecond laser amplification via degenerate multiwave mixings

in Si. I.C. Khoo et al. Presented at 1987 Annual Optical Society

Meeting, Rochester, NY, October 1987. J

fie
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26. Infrared laser amplification and switching using nematic liquid crystal
S

films. I.C. Khoo et al. Presented at 1987 Annual Opt. Soc. Meeting,

Rochester, NY, October 1987.

27. Beam amplification via multiwave mixing in stationary and transient

thermal grating. I.C. Khoo et al. Presented at 1987 Annual Opt. Soc. /

Meeting, Rochester, NY, October 1987.

28. Optical bistabilities in liquid crystals. I.C. Khoo. Invited paper.

International topical meeting on Optical Bistability, Chaos and Optical

Computing, Peking University, August 1987.

29. Degenerate multiwave mixing and beam amplification in Si with nanosecond

laser pulses. I.C. Khoo et al. Presented at the International Laser

Science Conference, Atlantic City, NJ, November 1987.

30. Beam amplification via multiwave mixings in a nonlinear medium: New

theoretical perspectives and experimental results. I.C. Khoo. Invited w

paper. Lasers '87, Lake Tahoe, December 1987.

31. New perspectives on multiwave mixing in Kerr-like and photorefractive

semiconductor. I.C. Khoo. Presented at the Topical Meeting on

Photorefractive Materials, UCLA, August 1987).
'. ..
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V. Personnel

The personnel involved in this research program includes the principal

investigator and

(a) Four graduate students: T.H. Liu, R.R. Michael and G.M. Finn and

P.Y. Yan.
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The Mechanism and Dynamics of Transient Thermal
Grating Diffraction in Nematic Liquid Crystal Films

IAM-CHOON KHOO, MEMBER, IEEE. AN) RICHARD NORMANDIN

Abstract-We have studied the mechanism and the dynamics of degen-

erlate four-wave mixing in a nematic liquid crystal film. Nanosecond laser KI I ,

pulses are used to generate an index grating associated with the changes I
in the density and in the order parameter. We have measured and ana- e I
lyzed the contributions from these two mechanisms, their interference I
effects rise and decay time constants, and have also performed a detailed
analysis of the diffraction efficiency. This study quantitatively charac- ,m, de

terizes the potential usefulness of nematic films for four-wave mixing hquid

based applications. 
crystl

(a) (b

Fig. 1. Schematics of the !aser nematic interactio n two typical ne-
INTRODUCTION matic cell. (a) Homeotropically aligned nematics. (b) Planar nematic

DECENT studies have demonstrated extraordinarily large cell. Case (i) is for extraordinary ray. Case d for Ordinary ray (p

!1 optical nonlinearity of nematic liquid crystal arising from is orthogonal to the nematic director axis).

the ontically induced reorientation of the molecular director
axis 111 -131. The nonlinearity has been shown to be several analysis of the basic mechanism for thermal indexing effects in

orders of magnitude larger than that exhibited by a typical an- nematic liquid crystals, whose refractive index in the nematic

isotropic liquid like CS 2 and is in the same order of magnitude phase depends on the density p (as in liquid and crystals) and

as those observed in some nonlinear photorefractive crystals the order parameter S (unique for the liquid crystal phase).
(e.g., BaTio 4 ) or semiconductors. The response time of mo- Degenerate four-wave mixing experiments are carried out with

lecular reorientation in nematics is dependent on the optical nanosecond laser pulses, and results for various parameters
intensity, ranging from seconds (optical intensity - W/cm 2 ) such as the diffraction efficiencies, the grating decayand on-set
to microsecond or less (optical intensity -MW/cm 2 ). among time, acoustic contribution, etc., are obtained. In the next
other factors. Wavefront conjugation 141, optical bistability section we will review the relevant theory of nematogen and

151. and other optical processes [61 have been demonstrated some quantitative expressions for the laser induced density
using CW low-power lasers. In some nematic liquid crystals,e.g., and order parameter gratings, and the roles played by various
MBBA (p-methoxybenzylidene-p-n-butylaniline), an equally nematic, geometrical, and optical parameters. This is followed
large thermal indexing effect f[1I, [71 has been observed, due to by detailed experimental results and an analysis.
the crystal's natural absorption and unusually high thermal in-
dex gradient dn/dT (where n denotes the refractive index and TFfORETICAL CONSI)I:RArlONS

T the temperature). Laser induced thermal refractive index Under excitation by nanosecond laser pulses. the thermal
change in liquid crystalline media is a well-known effect, and indexing effect in nematic is due to some finite absorption by
has been studied in many other contexts 181. Recently, ther- the nematic at the wavelength of the laser. The absorption rate
mal grating has received considerable attention in the study of varies from material to material, and may often be aided by
degenerate four-wave mixing as a useful mechanism for high- some dissolved dyes. It is perhaps more illuminating if we limit
power wavefront conjugation (91, I101. Martin and Hellwarth, our attention to some exemnplary geometries of interaction be-
for example, have studied a wide variety of liquids with dis- tween the polarization of the laser and the director axis of the
solved dyes in infrared-to-visible image conversion processes. nematic. for two commonly occurring nernatic cell alignments

Others have shown amplified refections and high fidelity phase (planar and homeotropic). As depicted in Fig. I(a) and (b), -'_

aberration corrected imaging results 1111 , 1121. the optical propagation makes an angle 0 with respect to the

In this paper, we present detailed experimental results arid nematic director axis n. In Fig. l(a), the beam propagates as
an extraordinary ray with a refractive index n1e given by 1131

Manuscript received September 5, 1984; revised November 15, 1984. n n,,
This work was supported in part by the National Science Foundation e  s (1)
under Grant ECS8415387 and by the Air Force Office of Scientific (ni1

2  
fl + 

2 
0)/2'

Research under Grant AFOSR 840375.

I.-C. Khoo is with the Department of Electrical Lngineering. The For Fig. 1(b), the beam propagates as an extraordinary ray in
Pennsylvania State University, University Park. PA 16802. arex

R. Normandin is with the Division of Microstructural Sciences, the case (i), and as an ordinary ray with the refractive index n, in
National Research Council of Canada, Ottawa. Ont., Canada KIA OR6. case (ii).

0018-9197/85/0400-0329$01.00 © 1985 IEEE
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S-eciro constants E11 (ni') and e(n') are given by
03- 'L

494508m 31024

,.,,,- . \ ,:OJ_ RCA;Z ell =  E t(T) +2/3 A~e(T) 
(2)

."• ' o" 5d rR, ?91- and

50I ---M,0,- e(T) - 1/3 Ae(T) (3)

, where El(T) is the dielectric constant associated with the ne-
9Io Xmatic in the zero-ordered phase (S = 0)

f - 914rm (a)

el= I+ - (lk, + 2 TkT): el- I+ const. p. (4)

-1 p is the density of the nematic and a.T and kiT are the
S. ' longitudinal and transverse components of the molecular elec-

tronic polarization tensor 0L and the internal field tensor .

(b) The dielectric anisotropy AE is given by

Fig. 2. Schematics of the experimental setup. oi is the wave-mixing Np
in air. (9 in liquid crystal is 2/3 of E in air). The incident Nd:YAG A( = - (atk, - aTkT): AE- PS (5)
SHG pulses and the He-Ne lasers are all in the same plane. (a) A sin- EoM
gle mode pump laser pulse. (b) A modulated two-mode pump laser where S is the order parameter. The order parameter in most
pulse. Intensity profile as a function of time. Time scale: 10 ns/div. were S is w e r pr amted the e prteios.nematics is well approximated by the expression.

Depending on the laser wavelength and intensity, the opti- 9 TV 2  
0.22

cally induced refractive index change originates from molecu- S I - 0.98 - ) (6)

lar reorientation and/or thermal heating. Pulsed laser induced VV

molecular reorientation can occur in the configurations de- where TNj is the nematic isotropic phase transition tempera-
picted in Fig. 1(a) and (b) Icase (i)] [141, 1151. The basic ture, and V's are the corresponding molar volumes. In general,
mechanism is similar to that observed using a CW laser, with a therefore, the dielectric constant e of a particular nematic is a
rise time that depends on the laser intensity. Typically, one function of p and S, which in turn depend on T.
can estimate using well-known nematic theory that an optical Studies of thermal index change in nematics can be extremely
intensity on the order of 100 MW/cm 2 is needed to see signifi- complicated, since almost all the parameters mentioned so far
cant reorientation in the nanosecond time scale. Under this in- (p, S, V), and other parameters (e.g., specific heat) that are im-

tensity, the accompanying thermal index effect is very large and portant in wave mixing diffraction efficiency are temperature
tends to mask the reorientational effect. There is also a practi- dependent. 1, is futile and probably meaningless to account

cal consideration not to involve the molecular reorientation, for all temperature dependences. We shall focus here on the
which is characterized by a very slow recovery time (typically induced density and order parameters changes, whose effects
about I s for a 40 pm thick sample). dominate the wave mixing processes.

For incident optical fields at 0 =, two distinct thermal in- Equations (4) and (5) can be rewritten to give

dex changes are induced An,, and Ant, corresponding to case
(i) and case (ii), respectively. We shall henceforth limit our c = 1 C3 P (4a)
discussion to the planar sample depicted in Fig. 1(b). Similar and
results have been obtained for the homeotropic sample [Fig.
l(a)I, where the thermal index gradient involved is dn1 /dT. AE = C2pS (5a)

We are interested in a degenerate four-wave mixing configura-

tion. As depicted in Fig. 2, the applied optical field consists of where C, and C2 are constants deducible from (4) and (5).

two lasers intersecting at a wave mixing angle 0 in the xy plane From known values of p(- I gni cm 3 ). S(0.6), AE(0.65),
tolsy and e((.53)) for PCB (at 200C), we get C- 1.33 and

and incident at an angle B = 0 on a planar sample with the po- 1.2 o (Ca (an usnC 2, we get
larization parallel to or perpendicular to the director axis. We C2 - 1.12, combining (4) and i5) and using n' = E. we get

have used wave mixing angles ranging from I to 120, corre- dnI 1 
-  - ([ -p

spoaJing to optical grating constant ranging between about dT- 1 ( 33 - 0.37 .. 0.37 (7)
34/am (1)to about 5 m. The grating is characterized by a TT

wave vector 4(0 = - k2 ). In case (i), 4 is almost normal to For PCB, S ranges from about 0.6 (at 20'C) to near vanishing
n while in case (ii), q is almost parallel to it. Obviously, for a value at Tni. Notice that for dnj!/dT, we get a similar expres.
finite wave mixing angle, the grating wave vector , is not ex- sion as (7) with the numerical factor (- 0.37) on the right-hand
actly normal (or parallel) to n. However, since the wave mixing side replaced by (0.74). Both dp/dT and dS/dT are negative.
angle is small, the correction factor for components in the However, dS!dT is larger in magnitude and therefore dn1/dT
directions other than the ones stated is small and may be is negative and dn ,/dTis positive.
neglected. Some numerical estimates may be illustrative, Consider PCB

Following standard nematic theory, the optical dielectric at 20 0C. Using measured values of dp/dT(6 X 10 - ' gm/cm - '

S ' -- -- . - . ' . '.
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K ), p(l gm/cm-
3 ), and the value of 0.37 dS/dT calculated 

T . T I T T T T T . I .. I t t r T 
o T T 1

from (6) (- 6.9 X 10-  K- '), we get dn/dT 
-(- 2.7 X IO l0

- 4

''~ 
'' 

' 'i ' r~ - r} 0

+6.9 X i0-4) -4.2 X 104 K'. This value agrees with the ,X d,1 1  •

experimental value of 4 X l0 - quite closely. Fig. 3 shows ex- 7 7

perimental values of dn1l/dT and dni/dT and some theoretical . 40 dn, .*1

points. Values calculated for other temperatures also agrees ai T 0

fairly with experimental results, although discrepancies arise - x
as one approaches T, There are several reasons for the dis- 41)

crepancies. One possibly is due to the breakdown of the mean '

field theory on which the expressions for S and e are based.
Secondly, we have not included any near-field corrections in
our calculation. Nevertheless. the point to note from these Jo

plots is the largeness of dn/dT and its dramatic increase with 0
temperature. 1. 0 12 5 - 0 - -5 0 -2 5 0 0

Following a short laser pulse, a temperature grating AT(4j, t) 
TN -

A

is generated in the medium. The response of the medium a Iig. 3. Plot of dn11/dT and dnt/idT for PCB as a function of tempera-
obsevedin or eperientfolows he ime-nterate inenst tre, data is deduced from 1181. Note that both dn/dT increase byobserved in our experiment follows the time-integrated intensity an order of magnitude nar TNi. The value of dn/dT of a high ther-

of the laser, and maximum diffraction is observed immediately mal indcx gradient liquid like cyclohexane is about 4 x 10
-
4 K -

1.

following (within the laser pulsewidth) the laser. The resultant Some sample theoretical estimates are also indicated i and 4.

refractive index grating An(4; t) consists of two components.
One is associated with the order parameter fluctuations AS(4; t) the momentum mismatch. Equation (8) gives a maximum dif-
while the other with the density fluctuation AS(4 t). Under fraction efficiency lDl! of

appropriate 
conditions 

(e.g.. comparable 
magnitude 

of contribu-

tion in An from LIS and Ap) the propagating Ap grating will k2 (i akaprpit dodtin (egcmaal-antd foti i

interfere with the nonpropagating (diffusive type) AS grating, R max - (An) 2  s ) (9a)

leading to modulation in the diffraction from the grating 1161 , 4n ,

1171 . The period of modulation fs-' of the temporal behavior For typical experimental parameters (X = 0.53 pum. kj = k2

of the diffraction from the grating (of a CW probe laser) is 2irn/N. 0 (in air) = 20. d = 40 pm), 3k - k 02 - (39 muni)2 ,
simply given by 27/l4 Cy' (where Cs is the velocity of sound which is close to d 2 = (40 pm) 2 . Equation (9) possesses all
and 141 = 21k1 sin 0/2). obvious overestimate factor of the experimentally realizable

For a quantitative analysis of the diffraction efficiency, we diffraction efficiency. Both the probe and the diffracted bean,
note here an important point with respect to nematics, namely, suffer scattering loss in traversing the sample (typically about 20
that the thermal index gradient dn/dT is not a constant as a percent due to reflections at the glass-air, glass-nematic bound-
function of the temperature. As a matter of fact, it increases aries, and the nenatic orientational fluctuation scattering).
by more than one order of magnitude as one approaches the These losses in conjunction also with the "Gaussian" shape in-
nematic - isotropic phase transition i181 (cf., Fig. 3). Fur- tensity profiles of the bean can easily contribute to at least an
thermore, values of the p, the heat capacity Cp, and the absorp- order of magnitude lower diffraction cffi-iency in the actual
tion coefficient a of the materiil needed for calculating the observed value. r

diffraction efficiency, are also sensitive to the temperature Alternatively, one can also use the thin phase grating expres- , ,%

1191. To get a good (and semiquantitative) insight into the sion as in 191, by replacing all the temperature dependent %

diffraction efficiency, we choose for our theoretical calcu- parameters like dn/dT. Cp, and p, by their average values. In
lations the parameters A T (rise in temperature), and An (the the temperature range involved (21-30'C), p and C, varies
corresponding change in the refractive index), associated only slightly (<10 percent), and thus can be assumed constant.
with the input pump energies. Both parameters can be easily On the other hand, dn/dT. (e.g.,for n ) changes by a factor of
measured experimentally. In the language of the usual four- 2 (cf., Fig. 3), front -0.0004 to -0.001. The average dn/dT
wave mixing calculations 1201, the two pump lasers set up an is thus taken to be 0.0007. The only unknown parameter for
index grating An that oscillates spatially with a wave vector PCB is the absorption coefficient a. This is estimated from

= - k2. In conjunction with a probe laser (incident experimental observation of the temperature rise for a given
at ki , say), this generates a diffraction at k4 = 2k, - k2 . The incident laser energy. We found that ad - 3 X 10- -', where d
maximum amplitude of the diffraction (corresponding to the is the sample thickness (d - 40 mii). Following 191, the niaxi- -k,%

maximum An, which, as a function of time, reachesa maximum mutn diffraction efficiency is given
value as the temperature of the sample rises to a maxima) is Rm - TD'U, U 7 (9b)
given by S

kAnEt (sin ak d) where T is the transmission coefficient at frequency v of the
E 2n k 8) third (probe) beam, D = v 'C P dn/dT, and U, and U2 are

u 2n akthe energies (per centimeter- ) ol the pump lasers, and 71 ad.
assuming small absorption loss and small wave-mixing angles We must remark here that both (9a) or (9b) are at best order
(valid in our case involving pure PCB). ak is the magnitude of' of magnitude estimates of the diffraction efficiency.

' 
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The large change in the refractive index of liquid crystal over
a small temperature rise is due to its inherently large thermal
index. At 210, dnt/dT is -4 X 10 -4

, which is already larger
than almost all high index liquids [211 (e.g., CS 2 and cyclohex-
ane). Note, however, that dn1l/dT has an even larger magni-
tude -3 X 10- 3. Thus, utilizing Ant, (or An, and An,, near
Tc, where both increase by an order of magnitude) will greatly
enhance the diffraction efficiency.

EXPERIME NT

We have conducted experiments with principally two kinds of (a) %
nematics: MBBA (p-methoxybenzylidene-p-n-butylaniline)
and PCB (pentyl-cyano-biphenyl). PCB absorbs very little at
the 0.53 pm (SHG of Nd:YAG) wavelength used. To increase
the absorption, we have also used PCB samples with traces
of dissolved dyes (Rhodamine 6G). Comparative studies arc I
made for samples with dissolved dyes and the pure samples to
ascertain the roles of the dye molecules. MBBA absorption at
0.53 pin is considerably more than PCB's. However, as often
noted. MBBA is rather unstable with the age of tile sample.
The overall results obtained for MBBA are, however, similar to
those obtained with PCB. which appears to be stable over a ib)
period of nonths. I ig. 4. The diffraction from the He-Ne as detected by the transient

The typical sample used is 40 pm thick. Planar alignment is waveform digitizer. (a) Using single-mode NdYA(G Siff; as pump
obtained by the rubbing method with lens tissues. Sample lasers. Time scale is 50 nsidw. showing monotonic rise of the dif-

fracted signal to a maimum within 50 ns from the start of the pump
temperature is maintained at 210 . (The nemaiic - isotropic laser. (b) Modulated diffraction from the Hie-Ne. 'me scale is
transition temperature Tc of PCB is 350.) At this temperature. 20 ns/dw.
it - 1.52. n, - 1.72. and nliuid - 1.58. The experimental
setup is schematically depicted in Fig. 2. The pump laser pulses
are derived from the SHG of a Q-switch Nd: YAG laser. The observed hut t e modulation depth is less The modulation is

output from this laser is either in the single [Fig. 2(a l or a

time-modulated two-mode IFig. 2(b)l state. The laser pulse resonance with the acoustic frequency as confirned in a recent

width (FWHM) is typically 20 its, and the laser energies used lie report 1121 . Fig. 4(b) also allows us to estimate the acoustic

in tile range of a few millijoules to 35 mj. The incident lasers attenuation time constant i f enlatiC liuid crystal to be about

are weakly focused at the sample to a spot size of -0.64 mm' . ference effects between the densi (acoustic) and the order e%.
The sample is oriented with the plane normal to the incident fer'

parameter gratings decay in a time scale of this order). This is
laser beams with the director axis oriented either parallel (1)probably the irs direct iiedepe t measurement o te

perpendicular . the optical field polarization. A acoustic attenuation time constant. The velocity of sound in-
polarized He-Ne laser is used to probe the grating and the dif- ferred fron these experintental measurements ( 1.51 X 10
fraction following each single pump laser shot is monitored ferred fro m s e i me0dal nleasrwit k o 1 .moohoitrPTacm/s) for nenmat ic is in good agtreeitetit withI kimwn results. I
with anionochroniator-PMTseuananlzdbatrsit . 9a

iha setupandanalyzedbytransient More quantitative results of the density and oide paramete,
waefor'n) digitizer or a fast storage scope.". can also be deduced troit Fig. 4. The parameters used in the

experiment for getting the iesults depicted in Fit. 4(b) are asRI.SULTS A NfD DISCUSSIONS
follows. The energy in each of I lie pump beais is ahout 10 miii.

Depending on the wave-mixing angle and the type of pump- Tile diffraction efticienctv (associated with di, 'dT) is measured
pulses used. there are essentially two types of tine-dependence to be 2 percent. The spt ,i/es t lie ticident lise heaiare me
of the diffraction from the transient grating as probed by the 0.6 111112 . The initial teinperatl kino tle saIiple is 21' Pulse 77
lle-Ne laser. Results quoted below involve the ordinary refrac- duration is aboitt 20 is iF WItM). 1lt 1 sepat ate epe iltielit.
live index change An. One is depicted in Fig. 4(a). which is we have estimated t mat tile ilse il tile teitpetatuie tit lesai-
obtained using single-mode laser pulses IFig. 2(a l . We have pie is about ()'('. (To deelillne tile tenipciatuic rise due to

a imonototnic rise followed by a monoto ic long-lived decj. the laser pulses. we noted ti h tol pulse eei.s needed t) just Nn
The rise tiunc is within the pulse length of the laser (which has teat the sample to the isoti o i, phase ( t til). I.e. 30 til IN
a FWHiM of about 20 ns). Ott theother hand, if the excitation itecded to Induce a 14' changc ill teipetatune. ii oui cspell-
is a ltme mtodulated JFig. 21b)l laser pulse. modulations due ient. the 1,,Ial laset pulse eeigt , is 20 t1 . which gives us an1
to the acoustic waves are observed during the first 100 ns or so estititate (by t) inicalls exsatj I 'i ll aiuut ric i tcii mperat sire).
of the diffraction. las depicted in Fig. 4(b)l at an external From known experuetltal dja. this corresponds to a chatige
wave-nlixing angle = 20. At other angles. modulations are Also tii tie refractive index Ai tot W004. Ii tile sane telniper:-

, % %, .. % % """ . " . "" .. , " , "
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ture rise, the change in the refractive index AnI(p) is -0.004,
implying therefore An(S) associated with the order parameter
of 0.0008. Since AnL(p) and An1 (S) are comparable, one
expects large modulations in the diffracted signal, which is p
indeed experimentally observed (cf., Fig. 4(b)I . In general,
modulations are not detectable in samples where there is large
induced temperature change (or refractive index change, equiv-
alently) whence the An (S) component dominates.

Using the experimental parameters (An, = 0.004, d = 40 pm,
X 0.53 Mn. Oaji = 20), the forward diffracted efficiency as
probed by the YAG laser pulses themselves can be estimated (a)
from (9a) to give Rmax - 2 X 10' . Using the expression (9b).
with the parameters (T- I)Y D(liquid crystal) - 2 X 10-2
(comparable to cyclohexane). U, U2 - I.6 J/cm 2 , 7? - 3 X
10 - 3 , we also get Rmax - 2 X 10-1 . Experimentally we ob-
serve a diffraction efficiency of 2 X 10-. There are several
reasons for the experimentally observed lower diffraction effi-
ciency. Principally, we have not included losses (in both the
pump and the probe, as well as the signal) in the liquid crystals,
from scattering and reflection losses from the glass slides. Sec-
ondly. the grating builds up on the order of the laser pulse
duration, and thus probing it with a time coincident pulse of (b)
the same duration may well not give the highest efficiency ig. 5. (a) The decay of the thermal grating as monitored by the He-Ne-k.
estimated in tile theory. Finally. beam spot size, nonuniform diffraction. Time scale is 50 us/dw. The grating wave vector 4 is per-
spatial intensity distributions. etc., that normally lower the pcndicular to the director axis n. (b) Thermal grating decay for

experiioeiitally observed value IConipared to theory) are all parallel to the director axis n. Decay is shorter by a factor of twko.

expected to contribute to some errors.
It is not our intention here. of course, to delve into a detailed agreement with the theoretical expectation. In general, tile

quantitative exposition of the diffraction efficiency. Rather, decay time constant decreases as we increase the wave-mixing
noting that the parameters governing the diffraction efficiency angle 0 (i.e., increase q), in a roughly q-2 dependence.
and their roles, one can draw some conclusions regarding means The rather large amount of pump energy needed to generate
of optimizing the four-wave mixing process. the observed diffraction is simply due to the tact that the liquid

One obvious way is to employ dnlIdt (which is about seven crystal used (PCB) absc-bs very little at the pump laser wave-
times In ,dt in the same temperature range). as we will pres- length (0.53 Mil). The absorption can he easily increased by
ently see. Another way is by going to a slightly thicker sample. 'doping" the PCB with traces of dissolved dyes. Uksing dyed
Our previous experiments have indicated that 100 pim thick samples, the same diffraction efficiency is observed using pump
samples are probably ideal in terms of stability (alignment) laser energies on the order of 3 or 4 mjtj. A detailed study of
and losses (scattering). These two factors could easily increase both the rise and the decay of t he diffraction shows that there
the diffractions by two orders of mtagnitude. is hardly any difference compared to the "undyed'" or pure

For the same temperature rise, the change in the extraordi- nenatic. This indicates that the dye atolecules essentialv act
nary refractive index Anll is much larger (AnI, - 0.03 for thc as absorbers and rapidly transfer the excitation to the nentatic
same temperature rise). Under the same experimental situation, via some intermolecular relaxation processes.
a diffraction efficiency of about 2 X 10 -i is observed (i.e., a In the case ofdyed samples, the saimple shows sign of heating
ten-fold increase). At least a factor of two in the diffraction through the nenatic - isotropic transition at slightly elevated
efficiency was also observed in thicker samples (-,75 pin). input energies (> 10 nij). In that case. nmultiorder diffractions

The decay behavior of the diffractions (from the He-Ne) is are observed. The decay is chaiacteri/ed h, very lone lifetime
depicted in Fig. 5(a) and (b), for the case where q is rtorntal to (cf., Fig. 6) on the order of - 150 iiis. This is consistent Wilt
the director axis fi. and for 4 parallel to fi. respectively. 3ince the fact that when the input energies are high. gratitg or "'lue'"
tile grating constant is about 17 pm (for n ) at a 2' cross angle. of liquid are produced 1221 . When these lines cool through
while the sample thickens is 40 pin. the therrial diffusion the isotropic-nematic point, the orientatilos of tihe director e
may be approximated as a I -dimensional problem along 4 (for axes will be randoit. These lines of neitatics witwI a refractive
this crossing angle at least). In that case. the deca, time con- index i- 1 .58) higher than tle surrounding icltatic n - I.52)
stants are given by 71 = (Dlq' )-' and T, I = ( DI q I I reorient themselves with a tllne constant chiaracterized hb the
respectively. Using the value D = 7.9 X 10 -

4 cit /cm -
I  grating spacing X,. of 17 un, ( which is much smaller tian the %

ill 1.25 X 10 - cm 2;.-. and r1, 12r,'I 7 pnt)2. and thickness of (te sample 40 pitl). Usiill (lie weil-known results %
q1 ((nil - 2r n )417 pm) 2 ' we get r -. 110 ps and r,, of for r in terms of tile viscosity (r = -,X2 '" ). we get a reorien-"
55 Ms. Experimentally. we obtain jfrom Fig. 5(a) and (b)l a tation time of -20 ins (using K - 0.7 X 10- " ' - 0.7. q=
value of 100 ps for r and 50 ps for r1, , showing remarkable 17 pit Iin support of tile above experitental observation.
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Liquid crystals: nonlinear optical properties and processes

I. C. Khoo Abstract. Liquid crystals as nonlinear optical materials are reviewed. Potential S
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CONTENTS As far as field-induced reorientation through induced dipoles on " '
1. Introduction molecules is concerned, dc and optical fields are basically equivalent•
2. Optical nonlinearity of Liquid crystals aside from dispersion. In the mesomorphic phases, a dc field of .,,,'

3. Nonlinear optical effects in liquid crystals -100 Vicm is often sufficient to induce a significant reorientation of
3. 1. Harmonic generation the molecular alignment, leading to an average refractive index
3.2. Degenerate wave mixing and phase conjugation change as large as -0.01 to 20. 1. The corresponding optical beam
3.3. Self-focusing and self-phase modulation intensity is only -10DO W/cm which is readily obtainable from&a cw
3.4. Optical bistability argon laser. Such a high optical nonlinearity is not easily found in

4. Conclusion other materials and renders liquid crystals ideal for studies of non-
5. Acknol~gmemslinear optical effects resulting from aser-induced refractive index
6. Referenceschanges. The rather unique features of liquid crystals as nonlinear ,,'

optical media are that the samples are inexpensive and easy to ,.

,.s m

prepare, the induced refractive indices are highly anisotropic, and the , ..
response times are very slow. Laser heating of liquid crystals in the .

1. INTRODUCTION msophases can also lead to a change in the optical anisotropy. The
Liquid crystalline materials are generally composed of highly aniso- response times of the laser-induced thermal effect and the laser-O,.,|
tropic molecules. Strong correlation in the orientations of such induced molecular reorientation a, however quite different.
molecules ca toin which the mole- Although liquid crystals ar ifie e iamesophases, they
culesare orderly aligned and the medium behaves likean anisotropic are generally centrosymmetric (exept in the cholesteric phase, wheafe
fluid. ea The degre of molecular alignment as well as the direction the helical molecular arrrangement is weakly cenfroasymmetric
caneasily bechanged byexternal perturbation.1.u Asaresult, liquid Therefore, in such a medium, second-order nonlinear optical pro- ,

crystals form a unique class of optical materials that have attracted cesses are forbidden and only third-order processes have been stud-
much attention in the past years. They am strongly birefringent ied extensively. Most of the w ork has concentrated on studying
and exhibit huge electro- and magneto-optical effects. Therefore nonlinear optical effects arising from the optical-fueld-induced
they have been used in practical applications as sensing, display, aerati nd ices in liquid crystals. These studies have included

memory devices.3.4 self-focusing,1-10 self-phasc modulationJ.11.1 degenerate wave flux-
Liquid crystals are also highly nonAinar.l.d Sincentheydifferfrom ing,a - o phase conjugation." and optical bistability.ms-sn The slow

ordinary organic liquids only in molecular arrangement, the elec- response of liquid crystals, though detrimental from the practical

tronic contribution to the optical nonlinearity in such materials is not device point of view, makes transient studies of these effects fairly ,
expected to be very different from those of ordinary liquids. Optical- easy and interesting and provides some new features to these other-
field-ipduced molecular reorientation is, however, much more signith- wise well-known nonlinear optical phenomena.i-0rp8- an
icant in liquid crystals bemuse of the strong molecular correlation. In the following sections, we first present a general description of

the physical mechanisms giving rise to the optical nonlinearity in the
vanous phases of liquid crystals and then brefly discuss a number of

Invited Per NO-103 mceived Jan. . 11p15; fi anuscnpt ece d Feb. 13, 195; nonlinear optical processes that have been observed in h quid crystals
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2. OPTICAL NONLINEARITY OF LIQUID CRYSTALS
The electronic structure of liquid crystals is mainly dominated by ? "
that of individual molecules. The electronic contribution to optical
nonlinearity in liquid crystals is therefore essentially the same as that
in liquids. It is generally not exceptionally large, and so we will not MBBA
dwell on it here. Instead, we shall discuss only optical nonlinearity
arising from molecular motion, namely, molecular reorientation S .
and laser-induced thermal effect.

Consider first a liquid crystal in the isotropic phase in which : 41
molecules are randomly oriented. In the presence of a linearly polar-

ized light, the molecules are partially aligned by the optical field. The Z
degree of alignment is usually described by the so-called orienta-
tional order parameter Q (with Q = 0 and Q = I referring to
random distribution and perfect alignment, respectively). We can I 2
define Q in terms of the optical susceptibility tensor x.22 3 Assuming w
that the field E is along 1, we have C

2 -1
Xxx X + AXOQ. ?- F-A

(I) z 42 44 44 46 50 52 34 so 5 4
I TEMPERATURE (c)

Xyy XU = AoQ (a)

where X = (Xxx + Xyy + Xzz)/ 3 is the average linear susceptibility 9 8
of the medium and Axe is the anisotropy when the molecules are 0
perfectly aligned (Q = 1). In the isotropic case, the optically 2 7 MBSA
induced Q is expected to be much smaller than one and can be shown
to be of the form

,iW, lE I2

Q T-T* (2) 0 4

rc3

Here, T is a fictitious second-order phase transition temperature
that is somewhat below the actual isotropic-mesomorphic transition
temperature TNI (TNI - TO is often less than I K). Thus, Q should I
diverge with (T - T*)- as T approaches TNi. Such a pretransi-
tional behavior is commonly known as critical divergence. Physi- 0
cally, this happens because the molecular correlation begins to set in 42 44 46 46 50 52 54 56 58
as T approaches TO. The changes in the refractive indices, An TEMPERATURExx b)

-2 = - 2&tzz = (8r/3)AXoQ, aredirectly proportional
to Q and Wince to (T - TO)-'.  Fig. 1. (a) Nonlinear refractive index as a function of temperature !or

The above critical characteristic of liquid crystals has been veri- MBOA. TheAereexperimental data from optical Kerr measurementa. and
fled experimentally.Z*23 As an example, Fig. l(a) shows that the o are experimental data from ellipe-rotation measurernents. The
6n n of p-methoxy-benzylidene p-n butylaniline solid curve is given by 5.4X10"9/(T-Tc) with 314.7 K. (b) Relaxation
(MBBA) indeedvaries with (T - TO)-' asT approachesTNi. (In the tim L of the order parameters a function of temperature forMBOA. The
figre.Bisdefinedas(n/n]E1 2 )hn withn = (na5 + nyy + nzz)I3.] ols is the theoretica curve. end the dots are the expermental data

Becatut of critical divergence, 6n/i E 12 becomes as large as 109 esu point. lAtter Role. 22 and 23.)
even at T - TNI = 5 K, which is almost 100 times larger than that of
CS2. Generally associated with critical divergence is the critical
slowing-down behavior, that is, the response time r of 6n is also
proportional to (T - T*)- , as shown in Fig. I(b) for MBBA. At applied magnetic field. Because ofthecorrelated rolecular response
T - TNI = 5 K, r becomes as long as 100 ns. We can define a figure (or the correlated spin response in the ferromagnetic case), theresult- -i
oftmeritf = Anx/IE12 = (21!r3n)O/ rto describe the strength of ing change in the refractive indices (or effective magnetic susceptibil-
a nonlinear medium in practical applications when both the magni- ity in the ferromagnetic case) is extremely large but slow. Realizing
tude and the speed of response of An are important. For liquid that thedcand optical fields are equivalent in orienting the molecules .%.
crystals in the isotropic phase, we find if no permanent dipole is present, we kio-A that a laser intensity of

-250 W/cm2 (E = 300 Vicm) is capable of inducing an average
(3) refractive index change of 0.01 to 0. 1 in a nematic film, 24- 31 but the(v1x) response time can be more than a few seconds.

Detailed theoretical and experimental studies of optical-field- SD

where & is a viscosity coefficient. For example, we have from Fig. 1, induced reorientation of molecular alignment have been carried out
f = 6 X 10- 3 esu/s. on homeotropic nematic films (i.e.. molecular alignment perpendicu-

In the mesophases, molecules are highly correlated. The optical lar to the film) with extraordinary laser beams. 24 i- The direction of
field is no longer strong enough to modify the degree of molecular molecular alignment (known by the director) should obey the Euler
alignment in any appreciable sense, but it is strong enough to reorient equation derived from minimization of the free energy of the system.
the direction of molecular alignment. This is quite analogous to the Let 8(z) be the angle the director makes with the surface normal at the
reorientation of magnetization of a ferromagnetic domain by an position z in the film. (see Fig. 2). Then, we have 2
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Fig. 2. Experimental data and theoretical curves for the phase shift 4 1
induced in.a 250 tIm, homesortropically aligned. 5CS film by an Ar+ laser Fig. 3. Refractive indices of SCI versus temperature, measured by the
beam at different angles a: circles and solid curve, a=0*; solid triangles surfaceplasmon technique (open circles) and by the critical angle method
and dashed curve. a=30; squares and dotted curve. a= l 1. Inset shows (solid circles). (After Ref. 39.)
the experimental geometry.

fie = G(O) -G(m)] 'Ak (versus 1). If the operating point on the a =O0curve is set near the
z ± G H(O) J (4) transition threshold in Fig. 2, then a pump intensity of a few W/cm2

is already sufficient to induce a 7r phase shift. Such an intensity is
where obtainable even with a focused He-Ne laser beam. The average value

of the induced refractive index change across the film in this case is

-sn2 ) 1h' An-l10- 3 , or And E 12-2 X 10-2 esu, which is 2 X10 9 times larger
G(8) L 2 f2 0( e sin a)'i than for CS2.

(5) with a very slow response. The dynamic response of director reorien- p

tation is quite complex. With some simplifying assumptions, it can
H(8) = 2 (KI 1 sin 2O + K3 3 cos 2 0) be shown that the induced phase shift obeys the following relaxation

equation 33 :

where el and e, are the optical dielectric constants parallel and
perpendicular to the director, respectively, I is the incident laser ( + // a6

beam intensity, a is the incident beam angle measured in the medium,\ + ,/ = - I , 
(8)

and K, 1 and K33 are the splay and bend elastic coefficients, respec-

tively. The solution of Eq. (4) is subject to the boundary condition where a6 is a constant depending on the initial orientation of the
8 = 0 at z = 0 and z = d. If a normally incident probe beam is director and re = "y/[ r2 K/d 2 - G] is the relaxation time, where 'y
now used to measure the reorientation, it should experience a local is a viscosity coefficient and G is a function of the bias field. Both
extraordinary refractive index theory and experiment show that T

A is of the order of a few seconds to ,.

'4 'A a few tenths of a second for a 5CB film of -100 pm. Taking the

( co e s6) average An /IEI2 to be -2Xl0 - 2 esu, we have a figure of merit

n(z) = ( + %sin28) , (6) ft =  An/(IEI'r #) = 2X10-3 esu/s, whichisaboutthesameasthat
for 5CB in the isotropic phase. In comparison, Pis -5 esu/ s for CS2 .

The overall phase shift induced by the optical field across the film is Thus, in some applications, if both the speed and the magnitude of
then given by the nonlinear optical response are important, then nematic liquid

d crystals are certainly not the best materials to be used in spite of their
2!! very high An/iIEI12.

* - =- n(z)- e dz D irector reorientation by optical fields can in principle also oc cur

0 in smectic and cholesteric liquid crystals. The situation is. however,
much more complicated because of additional constraints arising

F igure 2 show s the calculated * versu s I ind uced in a 250 lum from the o rdered structu res characteristic of such phases. A ltho ugh ,.1q pm

homeotropic 4-cyano-4-pentylbiphenyl (SCB) film at three different theoretical calculations predict the possibility of observing director.,
incident angles. The theoretical curves are in good agreement with reorientation in these materials, - V thorough experimental studies
the experimental result. We noticed that in the a = 0 case, reorien- of the effect have not yet been carried out.
tation occurs only when the pump beam intensity is above a thresh- Aside from laser-induced molecular reorientations, laser heating 0,-]

old value. Analogous to the dc-field-induced reorientation, such a can also induce a change in the refractive index of the liquid crystal.3

critical behavior is known as the Freederickscz transition. As seen in Even in normally transparent liquid crystalline materials, residual
Fig. 2, near Freederickscz transition a small change in the pump adsorption of a laser beam can lead to a detectable temperature rise.
intensity I can induce a rather appreciable change in the phase shift. For example, propagation of a 350 W/cm2 cw Ar' laser beam

One can use a bias field, which can be either optical or dc, to through a 100 Dm 5CB film results in a temperature rise of
selectively place the initial operating point on the characteristic curve -2 K on the beam axis. The refractive index change due to heating is
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given by symmetry. Phase matching can be achieved by proper choice of the
polarization and wave vector of the fundamental beam with respect

6n (9) to the director axis. The observed nonlinearity is comparable to that
observed in CS 2. Saha and Wong4' have shown that the process
could be used to study nematic ordering. They pointed out that

In the isotropic phase, dn/aT is not very different from those of smectic liquid crystals, because of their relatively lower scattering
other organic liquids and is generally dominated by thermal expan- loss and the possibility of fabricating large crystals, could be devel-
sion. Typically, an/ 3T is of the order of 5 X 10-4/ K. In the meso- oped into useful harmonic generators, but experimental demonstra-
phases, the temperature rises also affect the degree of molecular tions remain to be seen.
alignment and hence the refractive indices. Similar to Eq. (I), we can Third harmonic generation has been observed in cholesteric liq-
define the order parameter Q of a nematic liquid crystal by the uid crystals.4 " -" In this case, phase matching can be achieved via the
relations Umklapp process with the help of the helical structure in cholesteric

- 2 liquid crystals, as demonstrated by Shelton and Shen. Experimental
nxx = n + An 0Q, results agree very well with the theory based on the continuous model

3 (10) proposed by deVries."4

nyy = nzz = n - 3 AnoQ 3.2. Degenerate wave mixing and phase conjugation

We then have There have been extensive studies of degenerate wave mixing in
liquid crystals. The process involves the formation of a refractive

an,~ aii 2 aAn. 2 aQ index grating in the medium by input laser beams, followed by
xx 8T 2- o  Q diffraction of the input beams by the grating. As is well known, phase

T + 3Q 3 AT conjugation is just a special case of degenerate four-wave mixing.
Fekete et al. have successfully employed isotropic liquid crystals

a n 2 aQ for phase conjugation." 5 As was discussed in Sec. 2, liquid crystals in
T "+ Ano the nematic phase have much larger optical-field-induced refractive

(II) index changes than in the isotropic phase. Degenerate wave mixing
anxx anyy _ Q and phase conjugation can therefore be observed even with low

•- - - . power cw laser beams. 7'. 19
aT aT - aT Multiple-order diffraction shows up when the laser intensities are

Figure 3 shows, as an example, how n and n of with of the order of tens of W/cm2. If the values of the optical-field-
xx yy f 5CB vary induced refractive index changes are known, the diffraction pattern

temperature.39 In the nematic phase, the term An(a Q/ T) is of the and efficiency in the thin-film case can be quantitatively described by
same order of magnitude as a n/ aT, which is nearly the same as that a simple theory of induced phase modulation on the incoming beams.
in the isotropic phase. It is possible to use beams at one frequency to induce a refractive

The dynamics of the laser-induced thermal effect are also very index grating, which subsequently diffracts an incoming beam at
complex. With simplifying approximations, the induced phase shift another frequency. This has been demonstrated with Nd:YAG and
4T across a film can be described by a thermal relaxation equation He-Ne lasers in a nematic film. The process could find practical
driven by laser heating 33: applications in infrared-to-visible image conversions.46.

7

Phase conjugation (or wavefront reconstruction) using liquid

-1 = crystals often suffers from speckle noise associated with a coherent
5t + TT) Or -- TT 1 .(12) beam [Fig. 4(a)]. This can be eliminated 4 if the input beams in theprocess are made partially incoherent by passing the laser beam

where &- is proportional to the absorption coefficient, r T - d2 ' 2D through, for example, a rotating ground glass. A typical conjugated
beam is shown in Fig. 4(b). The absence of the background speckle

is the relaxation time, and D is the heat diffusion constant. For a noise is also evident from the photo of the partially incoherent beam
100 jm film, rT is of the order of 0.1 s, which could be two or three distorted by the phase aberrator( Fig. 4(c)]. The idea here is to impart
orders of magnitude shorter than the orientational relaxation time sufficient incoherence to the background noise while retaining suffi-
re. If we take An/I E1 2 -10-3 esu and rT - 0.1 s for the laser- cient coherence for wavefront reconstruction.
induced thermal effect, the corresponding figure of merit P =
An/i E(2 TT is -l0 - 2 esu/s. Both laser-induced molecular reorienta- 3.3. Self-focusing and seft-phase modulation
tion and laser-induced thermal effect may influence the observed A laser beam with a transverse intensity profile should induce a
nonlinear optical effects in liquid crystals, as will be shown in the spatially varying refractive index, which could lead to a spatial

self-phase modulation on the beam and possibly to self-focusing of
3. NONLINEAR OTCAL EFFECTS IN the beam. Similarly, the time variation of a pulsed laser beam could

NOINERY T ICL Ealso lead to a time-varying phase modulation on the beam itself.
LIQUID CRYSTALS The study of self-focusing in liquid crystals dates back to the early

Nonlinear optical effects in liquid crystals are readily observable. 1970s, when the self-focusing phenomenon itself was under intensive
Because of the difference in the magnitudes of optical nonlinearities, investigation. In particular, transient self-focusing was difficult to
studies of nonlinear optical processes in the isotropic phase generally understand. It turns out that the induced refractive index in an
require fairly high-power pulsed lasers. On the other hand, for obser- isotropic liquid crystal has a response time that can be varied by
vation of nonlinear optical effects in mesophases, a medium-power temperature over a wide range (a few ns to I us) because of the critical
cw laser beam would suffice. Here, we briefly describe a variety of slowing-down behavior. Consequently, such a medium is ideal for
nonlinear optical processes in liquid crystals that have been studied the study of transient self-focusing. Typically, the experiment uses a
quite extensively in the past and also some of the newly observed laser intensity on the order of I1 MW/ cm 2 and a beam propagation
interesting phenomena. length of about 10 cm in the medium. In traversing the medium, both

the laser intensity and the phase undergo severe distortion.
3.1. Harmonic generation Self-focusing also occurs in nematic liquid crystal films, but the

Bulk liquid crystals are centrosymmetric. Second harmonic genera- situation is very different. The typical film thickness is -100 um,
tion is allowed only if a dc field is employed to break the centro- even so, because of the extremely large nonlinearity in the nematic
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I.

Is) (b) (c
Fig. 4. as) Photograph of reconstructed laser beam with coherent lasers. (b) Photograph of reconstructed spatially incoherent laser. 1c) Aberrated spatially
incoherent laser.
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Fig. 5. Plot of the output on-axis power versus the input laser power.
(After Ref. 50.)

.025

phase, a laser intensity of a few W/cm2 could be sufficient to intro-
duce a large enough wavefront distortion on the beam for self-focus-
ing to occur. However, since the film is very thin, focusing actually .000
appears after the beam passes through the film. 0 1 2 3 4

External self-focusing can give rise to a large intensification at the r ."
central portion of the beam. Figure 5 is a plot of the on-axis power
versus the input. The low-power region is characterized by a linear Fig. 6. Dotted curve: theoretical plotof thetransversedependenceof the
dependence, while at higher intensity the output is nonlinear and an reorientation Oversus r. Solid curve: a Gaussian function for comparison.
intensification of at least a factor of four is noted. At higher input, a The width of 0(r) Is about 0.5, whereas the input laser beam has a width %
dip in the on-axis power should appear. These results have been of 0.14.
utilized in transverse optical bistability switching and opto-optical
modulation experiments."- 5' The above-mentioned dip in the on-
axis power arises because of interference resulting from the relatively Gaussian. For wo >>d, 0(r) approaches the Gaussian intensity pro-
large spatial phase modulation (- 2 1r) on the beam. With increasing file of the input beam.
input intensity, the spatial phase modulation becomes stronger and
stronger and the interference more dramatic, yielding a diffraction 3.4. Optical bistability
pattern with many rings. As many as 100 rings can be observed with Liquid crystals can be used as the nonlinear medium in a Fabry- ,
an input intensity of a few hundred W/cm2 in an -200 jsm Perot interferometer for optical bistability experiments. As men-
nematic film. tioned earlier, the response times of liquid crystals in the isotropic

The spatial self-phase modulation described above can be calcu- phase can be varied by temperature over a wide range. Therefore,
lated if the induced local refraction index change is known. In a liquid crystals are ideal materials for investigating the dynamic
homeotropic nematic film,' 2 the latter can be obtained from the behavior of a nonlinear Fabry-Perot interferometer. Indeed, such a .
solution of the Euler equation for molecular reorientation, as was study, carried out by a pulsed laser," .' 4 did provide us with a basic
mentioned in Sec. 2. The result for an almost normally incident understanding of the interplay between the cavity round-trip time.
linearly polarized beam with a Gaussian profile is shown in Fig. 6. It the laser pulse length, and the medium response time in the bistable S
shows how the reorientation angle 0 of the director varies with the operating characteristics of the interferometer. In order to observe
distance from the beam axis. The width of 0(r) depends on the optical bistability, the pulsed laser intensity should be of the order of
relative magnitudes of the incident beam waist "0 and the film MW/cm2. .,,

thickness d. In general, because of the long-range elastic torque, the Optical bistability can also be observed with nematic liquid films.
width of 0(r) is always larger than the beam width, and 0(r) is not a Because of the large nonlinearity, a cw laser beam is often intense
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enough for the observation. Two different schemesl' have been
used to achieve optical bistability. One is the usual nonlinear Fabry-
Perot interferometer with an intracavity nematic film; the other
utilizes self-focusing with an external feedback. L c L 2

In the nonlinear Fabry-Perot interferometer of Khoo et al..9- 2, a A p /- 1-_ n --
50 jm homeotropic sample tilted at 450 in a 4 cm long cavity was IL Uy
used. Bistability was observed with an Ar+ laser at an input intensity
of about 600 W/cm2 . Formation of spatial rings and oscillatory
behavior in the output were observed at high input intensity. Cheung 'o up d tin lout
et al. ' took a much shorter cavity formed by a 83 m film sand-
wiched between two mirrors. A magnetic field was used to move the (a)
operation point above the Freederickscz transition in the film (see
Sec. 2) in order to increase the optical nonlinearity. As a result, a
much smaller laser intensity was needed for bistable switching 30

(-10 W/ca 2 ). At higher input intensities, the output broke up into
periodic oscillations. This was found to be due to the interplay
between the laser-induced reorientation, which contributes to a posi-
tive phase shift with a slower response time, and laser heating, which
contributes toa negative phase shift with a faster response time. The 20

experiemental results were shown to agree well with the theoretical
calculation. The same reason probably also explains the oscillatory
behavior observed by Khoo et al.

Study of optical bistability resulting from self-focusing with
external feedback is a relatively recent endeavor. The experimental
situation is schematically depicted in Fig. 7(a). A laser beam with a
certain predescribed wavefront is incident on the nematic film, and Z
the transmitted beam is partially reflected onto the film by a mirror 0

to create a feedback in the field-induced refractive index in the film.
The variation of the output through a pinhole behind the mirror with oo 05 , 015

the input laser power exhibits optical bistability. INCIDENT LASER POWER (WATTSI

A detailed theory for such a cavityless optical bistability proposed
earlier by Kaplan"9 has been worked out. 5° .s ' Essentially, with a 1b)
proper arrangement of the lens, mirrors, and the wavefront of the
input beam, the feedback can reinforce the self-phase modulation
effect, leading to bistability. Figures 7(b) and 7(c) show some exam- 30

pies of the observed bistability curves, with the pinhole at the on-axis
and the off-axis locations, respectively.

4. CONCLUSION a20

We have presented a brief summary of the basic nonlinear optical
properties of liquid crystals and some observed nonlinear optical o
processes in liquid crystals. The unique physical and optical charac- .
teristics of liquid crystals open up some exciting areas of research 10
that are of fundamental as well as applied interest. There are a 0

number of other experiments in this field that we have not discussed ,
here. Recently, Hsiung et al.3 3 have used nanosecond laser pulses to
study the dynamics of molecular reorientation as well as the laser- 0

induced thermal effect in a nematic film. Khoo and Normandin have o -0

observed the generation of ultrahigh frequency acoustic waves and I00 o LS PW WATS5

their effects on the laser-induced thermal gratings by nanosecond I S

laser pulses in nematic ss as well as smectic liquid crystals. 56 Optical Ic)
switching at a nonlinear interface formed by nematic liquid crystals
and glass 5.

5 and nonlinear optical propagation in a planar wave- Fig. 7. (a) Experimental setup for observation of transverse intensity bi-
guide cladded by liquid crystals 59 have also been observed. Although stability. (b) Experimentally observed bistability of the power in the can-
there are physical limitations to the use of liquid crystals in optical tral region of the transmitted beam. (c) Experimentally observedbistability of the power in the off-axis region of the transmitted beam.
devices (the most serious of which is the response time), nonlinear (After Ref. 51 .1
optical studies in liquid crystals have continuously provided us with
some new insights into the basic understanding of optical phenom-
ena in a nonlinear medium and also into the potential applications of
such materials.
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Infrared to visible image conversion capability of a nematic liquid crystal film
I.C. Khoo
Electrical Engineering Department, The Pennsylvania State University. University Park, Pennsylvania 16802
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(Received 18 April 1985; accepted for publication 3 June 1985)

We present a theoretical evaluation and experimental results of the capability of a nematic liquid
crystal film for infrared to visible image conversion using nondegenerate four-wave mixing
process.

Degenerate and nondegenerate four-wave mixings have given by5

been studied in the context of optical imagings in several dnd dS %
materials. '-' In particular, Martin and Hellwarth" have - = 2n ((1.33 + 0.74S)- + 0.74- . (1)
demonstrated infrared to visible image conversion via Bragg dT
reflections from laser induced thermal gratings in dyed li- And for the incident laser polarization perpendicular to the $6
quids. The basic mechanism is the absorption of the incident nematic director axis, the "ordinary" thermal index gradient
(1IR ) light by the dye molecules, which then heat up the sol- dn, /dT is
vent via some intermolecular relaxation processes. ( dp _ 0.37 (2)

Recently, we have demonstrated that nematic liquid -=2n- (1.33 - 0.37S) d--

crystals possess extraordinarily large optical nonlinearity
that can be utilized for wave front conjugation purposes.' for PCB (pentyl-cyano-biphenyl), where S is the tempera-
There are two distinct types of nonlinearities: thermal and ture-dependent order parameter and p is the density. A
orientational. Depending on the thickness of the sample and unique characteristic of nematic liquid crystals is the rather
the interaction geometry between the laser polarization and large magnitudes of both dn 1 /dTand dn, /dT. At tempera-
the liquid crystal axes, one or both of these nonlinearities will tures far away from the nematic isotropic transition tem-
dominate the nonlinear optical process under study.'* The perature (e.g., at 22 "C and T, = 35 °C for PCB), both dn/
thermal nonlinearity, of course, depends on the absorption dT's are already comparable to the largest thermal index
constant of the liquid crystal, which can be enhanced with obtainable in liquids ( _ 10- 4 K- '). At temperatures closer
traces of dissolved dyes with the appropriate absorption to T,, both dn, /dT and dn p/dT increase dramatically by
band. A detailed analysis of the thermal nonlinearity of ne- more than an order of magnitude. This means that thinner
matics has been performed.5  samples and/or low power lasers can be used for optical

For incident laser polarization parallel to the nematic wave mixing processes, since the diffraction efficiency is pro-
axis, the "extraordinary" thermal index gradient dn ,/dT is portional to the square of dn/dT, among other factors. In
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NEMATIC LIQUID duced optical refractive index change is given by4

/I / CRYST AL,,
l 1 6 C de

b t sin 2,6 , (3)
2 n 2neli

where 0 is the optically induced molecular reorientation.
The nonlinearity can be induced in homeotropic or planar
aligned nematic liquid crystal films for the optical field-ne- %

matic interaction geometries depicted in Figs. lIa) and l(b)...
In general, the molecular reorientational nonlinearity is
larger than the thermal nonlinearity. However, it is obvious
that forfi = 0, the reorientational nonlinearity is vanishing.

We have experimentally demonstrated the possibility of
infrared to visible image conversions in pure nematic films
and also in nematic films "doped" with infrared absorbing

-,.K, dyes. The liquid crystal used is PCB (4-cyano-4'-pentyl-bi-
phenyl) and is about 50 um thick. Both homeotropically

FIG. 1. (a) Homeotropically aligned nematic liquid crystal. Ib Planar nem aligned and planar nematic films have been shown to give

tic liquid crystal. K and E., are the wave vector and electric field vector of similar results. The sample temperature is 22 *C. Various
the laser, respectively. For/, = 0, E, is parallel to n. For fl = 90' , Ev is four-wave mixing (wave vectors) configurations have been
perpendicular ton. thedirector axisofthe nematic. K and K, are crossed on attempted. Figure 2(a) shows one of the setups used, with all
the sample at 3". four waves propagating in the forward direction [cf. Fig.

2(b)]. A 20-ns Nd:YAG laser pulse (; at 1.06 /.m) is split into
particular, because of the thinner sample geometry, one ex- the reference beam and an object beam (the object is a wire
pects to get higher resolution element capability in infrared mesh). These two beams recombine on a homeotropically
to visible image conversion process as we will explain pres- aligned nematic film at an angle of about 3'. The lasers are
ently. linearly polarized, with the polarization normal to the direc-

Another unique characteristic of liquid crystals is the tor axis. For this geometry, the nonlinearity comes from
extraordinarily large optical nonlinearity associated with dn, /dT. Traces of Kodak No. 14015 infrared absorbing
molecular reorientation. Molecular reorientation of nematic dyes were dissolved in the liquid crystal to improve the ab-
liquid crystal axis is of course wavelength independent sorption of the PCB at 1 .0 6 r. A cw 5-mW He-Ne (0.6328
which makes it the most versatile and natural mechanism for Mm) laser is used as a reconstruction beam and is almost
image conversions ( IR to visible,..., etc.). The optical nonlin- collinear with the reference beam. The beam spot sizes on the
earity associated with two lasers (pump-probe) intersecting liquid crystal film are on the order of 0.5 cm-. Visible diffrac-
on the liquid crystals has been calculated before. The in- tion values of the He-Ne were observed for reference beam

Beam Stop .t

.16cm

51mObject 50%k Pal. %

FIG. 2. (a) Schematic of the exper-

Camara mental setup. Photo insert is a sample
experimental result. lbi Wave vector

configuration of the reference (K), the
object (K,), the reconstructing K3,
and the image beams (K.).

F.

la) -I
K-

3-A
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and object beam energies on the order of 50 and 15 mJ. re- In this case, we also observe visible diffraction of the He-Ne
spectively. The observed diffraction efficiency is on the order beam and images of comparable quality. To check that in- 4
of a few percent. The diffracted image beam is imaged via the deed the mechanism is due to orientational effect, the film is
lens system onto the Polaroid film plate. In general, very tilted back to the normal position (i.e., ' = 01 and the diffrac-
good quality image :an be reconstructed. The photo insert in tion vanishes [in accordance to Eq. (3)]. Due to pulse to pulse
Fig. 2 shows a typical reconstructed image of the mesh at the instabilities, the effects for cw laser are not as large and the
red wavelength (0.6328 pm). quality of the image is not as good as expected. It is clear that

The diffraction efficiency of the 50-Mm-thick film is very better results can be obtained if one uses a cw laser or milli-
good, and is on the order of a few percent (as measured from second IR laser pulses.
the diffraction from the IR laser pulses with ajoulemeter. In The temporal behaviors of the thermal and orienta-
Ref. 1, it was reported that similar diffraction efficiency was tional gratings are quite different. Using an almost identical
observed in a 2-mm-thick dye solutions, using pump and setup as Fig. 2(a) (with the object removed), we have mea-
probe beam energies on the order of 10 and I nJ, respective- sured the rise time of the thermal grating by detecting the
ly, focused on an area of about 0.01 cm 2. In comparison to diffraction from the He-Ne laser. In general, the rise time is
these liquids, the higher efficiency of the nematic film due to on the order of the Nd:YAG pulse width I = 20 ns, while the
its inherently higher dn, /dTis already evident, decay time is on the order of 50-100 is, depending on var-

The thickness of the nematic film (= 50 m) means that ious parameters but mostly on the grating spacing. On the
higher resolution elements can be achieved. For the geome- other hand, the rise time associated with molecular reorien-
try depicted in Fig. 2(b), and using an analysis similar to tation is much slower. Under cw excitation, the rise time is
Martin and Hellwanh, the number of resolution elements, on the order of 102 ms, and becomes shorter at higher inci-
N, can be proven in a straightforward manner to be given by dent laser intensity (very similar to liquid crystal reorienta-

AK,!! tion by dc field)." The decay time is also on the order of 102
= - K/IK3  (4) ms, and depends primarily on the grating constant and/or

in the small litfilm thickness.
in the small by limit (i.e., db 1). This differs from the "folded" In conclusion, we have demonstrated the possibility of
geometry used by Martin and Hellwarth by the denomina- infrared to visible image conversion. Without optimization,
tor, where it is replaced by [I - KI/K]. Since K, = 2K 3, the the results are comparable to those achievable in much
difference between N hereandNin Ref. l isa factor of 1/2 to thicker high thermal index liquids. We are currently investi-
3/2, i.e.. N here is smaller than Nin Ref. 1 by a factor of 3. On gating the details of this process with respect to various pa-
the other hand, the thickness I in the present case (50,um) is rameters, e.g., laser pulse length, absorption constants, ge-
much gmaller than (by a factor of 40) the 2-mm cell thick- ometry, etc., and will report the result in a longer article
ness. Using thinner cell for higher resolution element is, of elsewhere.
course obvious, but the important point here is that one can This research is supported by a grant from the National
get comparable diffraction efficiencies even with such thin Science Foundation ECS 8415387 and from the Air Force
films. The efficiency obtained here is by no means optimized. Office of Scientific Research under AFOSR 840375.
We have observed that the diffraction efficiency increased by
at least an order of magnitude by raising the temperature of
the sample to near T, (30 *C).

To demonstrate the use of the other type of nonlinearity, 'G. Martin and R. W. Hellwarth. Appl. Phys. Lett. 34, 371 0 979 .ToeontatnaeunonlinearityewetyuseoapureC film 2
J. F. Reintjes. Nonlinear Optical Parametric Processes in Liquids and Gasesnamely, orientational nonlinearity, we use a pure PCB film (Academic, Orlando, 19841 and references therein on degenerate four-wave ,

(same thickness of 50 pm). The sample does not give visible mixings, Chaps. 5.6.

diffractions even at much higher input laser energies than '1. C. Khoo and S. L. Zhuang, IEEE . Quantum Electron. QE-IS, 246
the ones used in the above experiment involving dyed sam- (1981 l; E. N. Leith. H. Chen, Y. Cheng, G. Swanson, and I. C. Khoo, Pro-pthe smed i tied suhe thaerimnt invtop ion a e ceedings of 5th Rochester Conference on Coherence and Quantum Optics,
ples. The sample is tilted such thatfl, the propagation angle June 1983. Rochester, N.Y.
which the wave vector K, (K2) makes with the nematic axis, 'I, C. Khoo. Phys. Rev. A 25. 1637 119824, 27. 2747 19831.

is 22' (cf. Fig. I). An almost cw beam of Nd:YAG pulses is '1. C. Khoo and R. Normandin. IEEE J. Quantum Electron. QE-21. 329

obtained by running the laser at 20 pps. This continuous (19851; I. C. Khoo and R. Normandin, Opt. Lett. 9. 285 (19841.
0I. C. Khoo and Y. R. Shen. Opt. Eng. Special Issue. July (19851.illumination is required simply because the orientational re- 'P. G. deGennes, The Physics of Liquid Crystals (Oxford University, Ox-

sponse of the nematic is slow (on the order of milliseconds). ford, England, 1974).

352 Appl. Phys. Left., Vol. 47, No 4. 15 August 1985 1 C. Khoo and R Normandin 352



Nonlinear optical properties of liquid crystals for optical
imaging processes
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CONTENTS included in preliminary reports. Specifically, we address the
1. Introduction conditions necessary for observing the effects, the diffraction
2. Wavefront conjugation efficiencies, rise and fall times, and other pertinent imaging
3. Infrared-to-visible image conversion characteristics.
4. Conclusion
5. Acknowledgments 2. WAVEFRONT CONJUGATION
6. References The theory of wavefront conjugation, an example of degener-

ate four-wave mixing processes, has been established for
1. INTRODUCTION many years.9 An experimental setup for wavefront conjuga-
The theory and practice of liquid crystal director axis reorien- tion is shown schematically in Fig. l(a). The object beam and
tations, and the associated electro-optical birefringence, by a the reference beam interfere to induce an index grating (a
dc or low frequency ac field have been established for many transient hologram) on the liquid crystal film by means of
years. Various optical imaging, image processing, modula- either the orientational or the thermal nonlinearity. The
tion. switching, and display devices are based on these rather reconstructing beam is retroreflected from the reference
simple physical effects. When integrated with other thin-film beam, and the image-bearing generated fourth wave traverses
materials (semiconductors, photoconductors, metallic films, back along the object beam path. There are several significant
etc.), liquid crystals become one of the most versatile optical advantages of this type of real-time imaging process, a few of
materials that find application in an ever-increasing array of which are high resolution, reflections with gain, :vnd aberra-
optical information processing systems.' tion correction capability.

Recently, the feasibility of employing moderate power In an earlier wavefront conjugation experiment, 0 we
lasers to induce molecular reorientation in liquid crystals has showed that because of the extremely large optical nonlinear-
been demonstrated.2 All three mesophases (nematics, smec- ity of liquid crystals, cw lasers of a few W/cm2 intensity suffice
tics, and cholesterics) exhibit extraordinarily large optical for visible phase conjugation results. We have also demon-
nonlinearity associated with the director axis reorientation. strated phase-aberrated corrections. More recently, we have
To date, however, the most conclusive theories and experi- succeeded in using a spatially partially coherent cw laser to
ments have been performed in nematics, which are also the remove the coherent noise that inevitably accompanies the use
most used materials for liquid crystal optical devices.3 There of lasers for imaging. In nematic film, the problem is particu-
are two basic types of optical nonlinearities in nematics: (I) larly severe owing to extremely high scatterings from director
optically induced refractive index change associated with axis fluctuations. Figure 1(b) is an example of an extremely
director axis reorientation and (2) thermal indexing effect. degraded (by the coherent artifacts) reconstructed image
These nonlinearities have been studied in the context of self- beam in a wavefront conjugation experiment using a coherent
focusing,' degenerate four-wave mixing,5 self-phase modula- laser. The photograph is taken at a temperature near Tc, the
tions,6 bistability,l and optical switching' and have been transition temperature. At temperatures far from Tc, the noise
reviewed in a recent article by Khoo and Shen.2  is less overwhelming but still very severe and is compounded

In this paper, we concentrate on two recently observed by the ever-present noise from random scatterings in the
nonlinear optical processes that bear on optical imaging optical system.
applications, namely, wavefront conjugation and IR-to- Two methods of removing the coherent noise in phase
visible image conversion. We discuss details that are not conjugation have been demonstrated to be quite successful. In

the method employed by Huignard et al.,I a diffuser plate is
Invited Paper MD-101 received June 29. 1985; revised manuscript received placed in the path of the object beam (pulsed laser), and
Oct. 4, 1985; accepted for publication Oct. 7, 1985; received by Managing met
Editor Nov. 18. 1985. multiple exposures are taken for various settings of the dif-
* 1986 Society of Photo-Optical Instrumentation Engineers. fuser plate. In our collaborative study with Leith et al.,' 2 the

19 / OPTICAL ENGINEERING / February 1986 / Vol. 25 No. 2



NONLINEAR OPTICAL PROPERTIES OF UGUID CRYSTALS FOR OPTICAL IMAGING PROCESSES

/ R NEMATIC LIQUID
F 3 CRYSTAL

(a) W g(a)

Fig. 2. Schematics of laser propagation in is) a homootropic nematic
liquid crystal film and (b) a planar nernatic film. 1 and 'K2 are the

% propagation weve vectors; "Cop is the optical field vector. The two
laser beams lie in a plane perpendicular to the paper and intersect at a
wave-mixing angle on the film.

(el (d)

For orientational nonlinearity, 17( K - K2) has been cal-
Fig. 1. Wavefront conjugation. (a) Experimental setup. BS: boom cuated for the homeotropic and planar nematic films, as
spliter. M: mior. R: total reflector. S: sample. E2: reference beam. n ar nematic

El : object boom. E3: reconstruction beam. A: abrrator. C: image. (b) dpce nFg .Auiu hrceitco entcnn
Image boom recontructed with coherent laser. (c) Image beam linearity is that it is a collective phenomenon, it is extremely
reconstructed with spatially incoherent laser. (d) Aborrattd beam. dependent on the boundary forces or torques. The optical

torques at the interference intensity maxima must overcome

not only the elastic restoring torque from the boundary plates,
cw laser was first rendered spatially partially incoherent by where molecules are rigidly anchored, but also torques from
collimation through a rotating ground glass. Because the rise molecules situated at the intensity minima 4 The torque is

time of the conjugation process with cw laser illumination is inversely proportional to the characteristic length; in this case.
slow, the incident laser beam is practically averaged over the two characteristic lengths are the film thickness d and the
many settings of the rotating ground glass, so that a single grating constant ((Kb - K,). The smaller these lengths. the

exposure recording of the image beam will suffice. As shown higher is the optical intensity needed to induce the same
in Fig. I(c) of the reconstructed beam and Fig. (d) of the amount of 7, and therefore the lower is the diffraction
aberrated beam, the technique both preserves the aberration efficiency. This has been verified in our experiments reported
correction capability and removes coherent noise b in Ref. 14, where dly anhexperimental results are also

Recently we demonstrated 3 that wavefront conjugation given.
with a nanosecond pulsed laser is feasible using the thermal The magnitude of A ch due to laser heating depends to a
nonlinearity. Near T, four-wave mixing with moderate laser large extent on the temporal characteristics of the laser If cw
energy (i mJ) is possible, with microsecond response (rise lasers are used, then the thermal diffusion process during the
and fall). We ote a re ntly investigating various means of grating buildup has to be accounted for. Ths is quite compli-
achieving coheretynderemove rent conjugation imaging cated and has hitherto not been addressed. On the other hand. 

The diffraction efficiendy tor wavefront conjugation and if pulsed lasers (with pulse lengths shorter than the smallest
the related infrared-to-visil image conversion at the phase- diffusion time constant) are used the analysis is simpler. In
matched Bragg's conditior epend principally on the magni- this case, se7 depends simply on the heat capacity of the
eude of the induced index grating on (s, - K2) between the neratics, on the absorption constant of the neratics at the
reference beam (at K) and the object beam (at K2) In the laser wavelength used, and to a great extent on the tempera-
absence of loss, the maximum diffraction efficiency Rmax is ture (whether close to or far from T Details of these for the

given roughly by Rmax = (K 2!4* 2 )(A7)2 d2, where d is the nematic PCB (4-cyano-4-pentylbiphenyl) for pulsed lasers at
thickness of the film (or interaction length, whichever is 5145 A have been presented."5 Typical values are A7 = 10- 4

shorter), K is the magnitude of K, and K2, and 17 is the average for laser energies of approximately 20 mJi mm 2 at T, - T =
refractive index. The magnitude of Ai7 depends on which 140. Near T, however, laser fluence on the order of I mJ will
nonlinearity is responsible for the wave mixing process. generate the same diffraction efficiency.
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SUMs,. .-yv (2)

1c s.,,1. On the other hand, if the optical term is much larger than the
elastic term

tfeiln 2 4 ir -y

a) One interesting possibility is that the rise time can be

decreased with the use of high intensity lasers. Nanosecond
laser-induced molecular reorientation has been demonstrated
by Hsiung et al. 3 The decay time, however, is at best on the
order of a few ms ford or X on the order of a few Am. In the
case of thermal grating, the rise time is on the order of the laser
pulse length. The fall time depends on the heat diffusion

K process, the sample thickness, the grating constant, and the
diffusion constant." Decay times on the order of 50 to 100 As
were observed in our experiment involving A on the order of
20 Am.

< K K3 3. INFRARED-TO-VISIBLE IMAGE CONVERSION

Using a thin-film geometry, or the phase-matched Bragg
(b) scattering configuration, it is possible to create a holographic

Fig. 3. Infrared-to-visible image conversion. (a) Experimental setup phase grating with reference and object beam at one wave- %
1b) Phase matching of the four interacting waves. Dotted lines show length and reconstruction and image beam at another wave- .
the configuration used in Ref. 18. "'1: reference beam. "V2: object length. An example of this special case of four-wave mixing is
beam. 3K3: reconstruction beam. r4: image beam. the so-called infrared-to-visible image conversion, where the

object and reference beams are in the infrared, and the recon-
struction and the image beams are in the visible [Fig. 3(a)].

The rise and fall times of these nonlinear processes depend There is obvious practical usefulness of such an image conver-

on several factors. In the orientational process, the rise time sion process. As detailed by Martin and Hellwarth,18 this
r0n and fall time roff are given by expressions similar to those four-wave mixing process can also yield high image resolution

involving dc fields, with the optical field Eo _ replacing the dc capability. Typically, the number of resolution elements is on
fedEthe order of 10" or better.-..

field Edc. and with the appropriate values for the dielectric
anisotropies.2- 6 Because the optical field can make an arbi- The resolution of the imaging process obviously depends
trary angle with !he director axis, depending on the laser on the relative configurations between the various interacting •
propagation direction, the rise time is also dependent on the beams. The geometry employed by Martin and Hellwarth is of

configuration. In general, the smaller the grating constant (or the "'folded" or "wavefront conjugation-like" type [see Fig. %
thickness of the film, whichever is smaller), the faster is the 3(b)], whereas the geometry we used is the "forward" wave-
response. ran and roff are proportional to X2 (or d2), greater mixing type. In both cases, the angle Vi is the Bragg scattering
than the viscosity, and inversely proportional to the elastic angle. In our configuration the amount of variation in 6 (the
constant, as we will presently see. angle between K, and K,) that would still allow for phase

More specifically, consider the four-wave mixing geometry matching (i.e., AKI < 7r) is given by 2 rr460 = 4 rr2 [K, d I1 +

depicted in Fig. 2(a) or 2(b). Because the film is thin (50 pm or (K,' K3)1 ]-I. The diffraction solid angle of the object beam."'.

so) and the beam sizes in all the wave mixing experiments are which subtends on area A on the sample, is given by d =  %
47r2 / K2 A. This gives the number of resolution elements N = ."%

much larger (on the order of millimeters), the two beams can I .

be assumed to be plane waves. Their interference, therefore, 6$, 'D as
sets up a grating in the y direction, with grating wave vector
K, - K2 and a grating constant A (A = 2irIK, - K2 1). The N AKON = (4)
reorientational angle 0 thus possesses spatial variation in both IIl + (K, KI) e
the z and y directions (see Ref. 14). Using a simplifying one-r
elastic constant approximation, the dynamics of the process This differs from N for Fig. 3(b) (dotted line) by the denomi- IF
may be described by' 5  nator.ui Since K, and K3 are quite different for infrared-to-

visible conversion, this difference in the denominator amounts
dO (d2Od2O+ 2  . sin(2?) 1 to a factor of unity in N. For very nonlinear material (e.g..
d K ( LO-+ + 2r2) (cos2)0+-(I) liquid crystals), the useofa thin film(smalld)will increase the

resolution capability considerably more than this unity factor
If the optical field term is smaller than the elastic term. then between the two types of geometry.
since (y) = sin[(21r/ X)yJ and (z) =-sin[(ir d)z], and follow- Two unique characteristics of nematics make them far
ing the usual analysis, 6 one gets a response time (rise or fall) superior to the materials (mostly organic liquids doped with
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IR-absorbing dyes) employed by Martin and Hellwarth. One results of these studies in the near future.
is the unusually large dl/ dT of nematics, especially near T.,
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Wave front conjugation with gain and self-oscillation with a nematic liquid-
crystal film

I.C. Khoo
Department of Electrical Engineering, The Pennsylvania State Unitersity. University Park. PenntvYl'amna
16802
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We have observed for the first time wave front conjugation with amplified reflection return using
the thermal nonlinearity ofa thin film of nematic liquid crystal in conjunction with a low power
laser (intensity on the order of 25 W/cm'l. Self-oscillation is also observed.

Wave front conjugation, and the associated phenomena benzylidine p-n-butylaniline iMBBAI] at the laser wave-
of imaging through aberration, amplified reflections, and length (5145 Ai.
other useful adaptive optical processes have been vigorously Another important characteristic of thermal grating
studied in the last few years.' Materials for wave front conju- formation in nematic is the relatively faster response. If the
gation include sodium vapor, semiconductor crystals. bari- two incident lasers are chopped, there are two distinct com- L
um titanate, electro-optic crystals (BSO, vario, liquids, liq- ponents in the diffraction. ISee Khoo and Shepard in Ref. 5.)
uid crystals, and others. The basic mechanism for One component rises instantaneously with the laser corre-
nonlinearity ranges widely. In some materials the nonlinear- sponding to a local heating at the interference intensity
ity is sufficiently large for amplified reflection of the probe maxima at the sample. The other component, which is much
beam, leading to self-oscillations.2 Such an effect has impor- slower, corresponds to an overall heating of the sample due
tant applications in image amplification, laser designs. and to thermal diffusion from the grating maxima to the minima;
other adaptive optics processes. the overall heating raises the temperature of the sample, and

In nematic liquid crystal. there are two basic mecha- therefore increases the change in the refractive index. This
nisms for optical nonlinearities' - that have been used for overall heating of thesample is quitedetrimental to thegrat-
degenerate four-wave mixing processes: optically induced ing diffraction process if it raises the temperature of the sam-
refractive index change associated with the director axis pie over T, , when the grating diffractions practically vanish. k

reorientation, and laser induced thermal index effect. The In our study, the duty cycles and duration of chopped cw
fundamental mechanisms for these processes have been lasers are adjusted such that the diffraction is maximized
quantitatively documented. Application of these nonlineari- while minimizing the overall heating, as discussed in Ref. 5.
ties for wave front conjugation,' where the aberration cor- rhe process of laser induced thermal index change and
rection and speckle noise reduction with spatially partially the diffusion process leither in the liquid-crystal medium or
incoherent lasersl have also been demonstrated. In this letter through the cell walls) is a complicated three-dimensional
we report the first successful demonstration of wave front problem. In ordinary liquids or in crystals, the fundamental
conjugation with gain and self-oscillation, using the thermal parameters arc the temperature Tand the densityp. In liquid
nonlinearity in a nernatic film in conjunction with low power
cw Ichopped) lasers. ..,

Consider two linearly polarized lasers propagating
through a homeotropically aligned nernatic liquid crystal as H 11
shown in Fig. l(a). The two beams are crossed at a small
wave mixing angle 0 in a plane perpendicular to the paper. ,
For this geometry the refractive index as seen by the optical
wave is given by -. 1

nn n, l
(n- cos 2  + n- sin '13' I

for#7 = 0, n,. = n, On the other hand. if[3 Y0, e.g., using
a planar-aligned nematic as shown in Fig. l(b), . = n
Both n, and n are strongly dependent on the temperature.

* At temperature removed from the nematic- - isotropic tran-
sition temperature 1, ,the magnitudes of dn. /dT 1positive
and dn /dT (negativel are already as large as most high in- -"
dex liquids (:2 x 10 "k 'I As the temperature ap-
proaches T , both increase by more than an order of magni- H
tude. As a consequence of this large nonlinearity, visible
diffractions (with efficiency on the order of one percent or FIG 1 Schemaiicso f laser interaction in iai a homeotropicalls aligned and

dbi a planar aligned nematic liquid-crysial film K, tprobe heam, K. pumpmorel can be obtained by mixing two milliwatt cw lasers, beami are the propagation wave 'ectors E, and E, are (he optical field sec-

using the natural absorption of some nematic [e.g., methoxy tors The two laser beams intersect in a plane perpendicular to the paper
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crystal, one has also to include the order parameter S. If the .,R % *1

chopped laser pulse durations are on the order of millisec-
onds, one would expect the density fluctuations in the sam- E"

pie to equilibrate, and we are thus left with S and T. The
interplay between S and T, and the refractive indices n and
n, have been dealt with in a recent article. (See Khoo and
Normandin in Ref. 5.) For our purpose here one may sim- U,

plify the consideration by adopting Tas the working param- * , E

eter. described by the usual thermal diffusion equation
PC,. kV T='---- E (2) A

p,- t  , 

wherep is the density of the nematic, c, the specific heat, k Laser "

the diffusion constant, n the refractive index, a the absorp- Bs Mso

tion constant, and E,,p is the amplitude of the optical electric C"
field. Both p and c,. are strongly temperature dependent, FIG 2. Schematics of theexperimental setup or obersing vaclrot cI-

especially near Tc. However, their influence on the refractive jugation and self-oscillation. The incident laser is chopped 1,I mirr rs S

index may be viewed as secondary; the primary effect comes sample; R: l(X)%II reflector, BS: beam plitter A aberratwr VHS vmiriahlc

from the change in T. beam %plitter: M ,,, fin dotted line) is a 9', reflecting mirror to he insertt'di

The total optical electric field EP incident on the sam- r self-oscitlation effect.

pie is made up, of course, of the contribution from the probe
fE,) and the pump beam (E,). Their interference gives rise to optical electric field is perpendicular to the director axis. The

an oscillating term E, E, cos qy, where q is the grating wave incident probe laser power is adjusted with the variable beam
vector (q = 2rr/Aq; ,q =2Aop/2 sin (0/2),0: wave mixing splitter. The mirror M,,, (in dotted line) when used for self-

angle in the nematic), andy is the coordinate perpendicular oscillation experiments, is aligned to exactly reflect the

to K, - K2. If the incident lasers are pulsed, with pulse probe beam E. The incident laser beam is chopped a, a rate

lengths shorter than all the thermal diffusion time constants of about 4 Hz. At this rate there is an overall heating of the

(characteristics of diffusion time between the intensity maxi- sample. However, this overall heating effect is just sufficient

ma and the minima, and between the center plane of the to warm the sample (from room temperature 2' C to near

liquid-crystal cell and the cell walls etc.), then the change in T . (T. of MBBA is42 C) when very large wave-front conju-

temperature AT (from Eq. (1)] is simply given by gation efficiency is obtained.
Very strong conjugated signals are observed for a wide

AT= PC UM, (3) range of probe beam powers used. At equal pump and probe
power, a reflection efficiency of about 1% is observed for the %

where Uis the energy of the laser pulse. On the other hand. if sample maintained at room temperature 1by using very low
the laser pulses are longer than the diffusion time (which is power pump and probe laser < 100 mW1. A dramatic in-
true for our experiment using chopped cw lasers: laser crease in the reflection efficiency (to more than 20 timesi is S
pulsesz 100 ms, diffusion time constant z 5 ms), then the observed if the temperature of the sample is raised (cf. Fig. 3) ,2
spatial redistribution of the absorbed energy and the rise in either by placing the sample in a temperature cell or by an
temperature is obviously a complicated three-dimensional overall heating with an increase in the laser powers to about
problem, a complete solution of which is clearly outside the I W. The reflection efficiency increases if the ratio of the %
scope of this letter. Nevertheless, in the steady state (dT/ pump beam power to the probe beam power is increased. At
dt = 0) involving chopped cw lasers, one may note that the a beam ratio of about 250, and an external wave mixing angle _

spatial derivative , = 2 /dy 2 + Vj( imply that the tem- 9 = 1/300 (corresponding to a wave mixing angle of 1/450
perature rise A Twill be inversely proportional to the grating within the sample, and a grating constant A, = 225 Aimi.
constant (and cell thicknessl. This point is particularly ob- amplified reflection i > 100%) is observed. This occurs at a
vious if we perform a simple one-dimensional calculation, pump beam of I W. corresponding to a pump laser intensity
and is expected from physical grounds. This dependence was of about 25 W/cm on the sample.
qualitatively verified in our experiment. The diffraction effi- Because of the amplified reflection capability, self-oscil-
ciency increases with increasing grating constant. lation starting from noise generated in the film in conjunc-

The experimental setup used for the observation of am- tion with an external feedback is also possible. To observe
plified reflection and oscillation is depicted in Fig. 2. The this effect, the mirror M,, {91 reflecting at 5145 Ai is in-
laser used is the 5145-A line from an Ar" laser. The path serted between the variable beam splitter VBS and the mir-
lengths of the beam are adjusted to be very nearly equal to ror M. The probe beam is blocked with an opaque material
optimize the interference modulation. The two laser beams between the beam splitter i(BS and VBS. With a pump power
are crossed at a very small angle 6 on the sample W ranges input of about I W, a clearly visible self-oscillation generated
from 1/250 to 1/350 rad). The size of the laser beam on the beam is observed in the direction along C,. The exit beam
sample is about 2 mm. The sample used is a homeotropically power at C , is estimated to be tens of microwatts. The self-
aligned MBBA film with a thickness of 100,um. The lasers oscillation occurs despite a strong scattering loss ( z 25"1
are almost normally W0 = 0) incident on the film, i.e., the experienced by all the beams in traversing the sample and the
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5145 Al. and observed similar wave front conjugation and
S - self-oscillation effects.

In conclusion, we have demonstrated the possibility of

X 6I observing amplified reflection in wave front conjugation,
M and self-oscillation, using the thermal nonlinearity of a ne-

14 -matic liquid-crystal film. The configurations and conditions
2 Ifor these effects have obviously not been optimized, but the

Zresults of this and our recent studies clearly provide the basis
for optimization. The effect can also be applied in construct-

Z ing a ring oscillator. It is also obvious that other types of

4 lasers lcw or pulsedi can also be used (e.g., CO. laser at 10.6
co 6 - m where liquid crystals also possess natural absorption,

Nd:YAG laser at 1.06 ,um if the liquid crystal is "doped"4

U 7 with traces of IR absorbing dyes. etc.). Works along these

2 - / lines are currently in progress and will be reported else-
where. ,

4 - -2 1 am grateful for some technical assistance by R. R. Mi-

I EMPERATJRE ('C) chael, G. Finn, and T. H. Liu. The support of the National
Science Foundation (ECS 8415387l and the Air Force Office g

FIG 3 Plot of the diffraction efficiencs R as a function of the temperature Scienc oun ao E84 37 and a i o e Ofic
at %er% low pump and probe laser poster at temperature far from 1I the oe
diffraction efficiency is about l-. Near F. it increases bh about 20 times.,

presence of the aberrator. Because of thermal fluctuations in 'For a recent review see. for example, Optical Phase Conjugation, edited by
R. Fisher Academic, New York, 19831; see also J. F. Reintjes, Nonlinear

the path of the lasers, and also in the liquid-crystal film itself, Optical Parametric Processes in Liquids and Gases (Academic, New York,
there is considerable instabilities in the observed self-oscilla- 19831 and all the references therein on nonlinear materals.

tions. The oscillations appear as a highly brightened beam -See. for example, J. Feinbergand R. W Hellwarth. Opt. Lett,. 519,1980i;
H. Rajbenbach and J. P Huignard, Opt. Lett. t0, 13711985i: B. Fisher. M.

along C, (observed on a screeni that lasted several seconds, Cromn-Golomb, J. P. White, andA. Yariv. Opt. Lett. 6, 519,1981;: R. Jain
disappeared temporarily, and appeared again, very much and G. Dunning. Opt. Lett. 7. 420 1l982); R. G. Caro and M . C. Gower.

like a cw laserjust above threshold and oscillating in an open Appl. Phys. Lett. 39, 855 Il11.

atmosphere i.e., no enclosure to minimize the thermal insta- 'See. for example, 1. C. Khoo and Y. R. Shen, Optical Engineering 24. 579
119851 which provides an overview of the two types of nonlinearity.

bility in the airi. We have also used a much more simplified On orientational nonlinearity, see I. C. Khoo and S. L. Zhuang, Appl.
setup from Fig. 2. consisting of a retroreflecting (for the Phys. Lett. 37,3!19801: 1. C. Khoo, Ph s. Rev. A 23, 2077119811; 25. 1636
pump laser) mirror and another mirror oriented to reflect the (1982): 27. 2747 119831: S. D. Durbin, S. M. Arakelian. and '. R. Shen,
conjugated beam back to the sample. Phys. Rev. Lett. 47, 1411 19811; H. L. Ong, Phys. Rev A 28. 2393 !1983).

'On thermal nonlinearity, see I. C. Khoo and S Shepard. J AppL Phys. 54.

Although MBBA possesses a significant absorption at 5491 (19831: t. C. Khoo and R. Normandin, IEEE J. Quantum Electron.
5145 A, it tends to deteriorate in quality with age, as often QE-21.32911985): Opt. Lett. 9.285(1984,: H Hsiung. L. P. Shi.and Y. R.

noted by many researchers. We have experimented with the Shen. Phys. Rev. A 30. 1453 11984.
more stable liquid-crystal PCB, in which traces of dyes 't. C. Khoo and S. L. Zhuang, IEEE J. Quantum Electron. QE-18, 246

i 19821: E. N. Leith, H. Chen, Y. S. Cheng, G. J. Swanson, and t. C Khoo.
R6G are dissolved to improve the absorption rate of 5145 A Proceedings of 5th Rochester Conference on Coherence and Quantum Op-

iPCB possesses very little amplified natural absorption at tics, Rochester. June 1983.
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Dynamic Gratings and the Associated Self
Diffractions and Wavefront Conjugation

Processes in Nematic Liquid Crystals
IAM-CHOON KHOO, MEMBER, IEEE

(Invited Paper)

Abstract-The origins and the dynamics of optical nonlinearities in by a summary discussion of the aforementioned nonlinear
nematic liquid crystal films, namely, laser-induced molecular reorien- processes.
tational and thermal refractive index changes, are analyzed in the con-
text of optical wave mixings. Theoretical expressions for the basic non-
linearities, the rise and decay time, diffraction efficiencies, and other I1. LIQUID CRYSTAL NONLINEARITY AND DYNAMICS
pertinent parameters involved in the dynamic grating formation are A. Orientational
derived. Experimental results obtained with visible and infrared laser
pulses are analyzed. Some newly observed novel nonlinear processes In theory, all three mesophases (nematics, smectics, and
are also reported. cholesterics) of liquid crystals posses extraordinarily large

optical nonlinearity [11-131. To date, the most extensive

I. INTRODUCTION and conclusive experimental studies have been performed
in the nematic phase [I1-[ 10] where the molecules are di-

L INEAR and nonlinear optical properties of liquid rectionally correlated but positionally random. The direc-
crystals in their mesophases have been studied in sev- tion is characterized by the director axis n, and the cor-

eral contexts, in both fundamental and application-ori- relation by an order parameter St". Two of the most
ented pursuits. In the context of nonlinear optical pro- commonly employed cell alignments are depicted in Fig.
cesses, they have recently received considerable renewed l(a) and (b), termed homeotropic and planar cells, re-
interests as a result of the newly discovered extraordinar- spectively. Homeotropic samples are obtained by coating
ily large optical nonlinearity due to the laser-induced mo- the glass slides with a surfactant, while planar samples
lecular reorientation, and a renewed effort explicitly at the are often made using glass slides that have been rubbed
large thermal index effect in liquid crystals. In the last few in a unidirectional direction [I I]. Nematics are highly bi-
years, several groups [21-[10] have looked at the optical refringent, with An = n, - n, = 0.2 or larger where n,
nonlinearity in the mesophases of liquid crystals and the and n2 are the refractive indexes for the optical field par-
associated nonlinear processes. A brief review of some of allel and perpendicular to the director axis, respectively.
these nonlinear optical processes and the fundamental In analogy to well-known dc field-induced electrooptical
mechanisms in both the liquid crystal and the isotropic effects, the primary effect of an optical field is the dielec-
phases has recently appeared [1]. In this paper, therefore, tric torque exerted by the optical electric field in the liquid
we will concentrate only on optical wave mixing pro- crystal. Under suitable conditions, (which we will pres-
cesses that are relevant to this Special Issue. ently elaborate) the optical torque creates a distortion or

Specific effects include optical self diffractions, gener- reorientation of the director axis and an accompanying self
ation of high-frequency acoustic waves, optical wave front (laser)-induced refractive index change.
conjugation (with gain) and self oscillations, and in- Nematic director axis reorientation by an optical field
frared-to-visible image conversion. The origin of the op- and the associated wave mixing and self-focusing effect
tical nonlinearities responsible for these processes is either were first theoretically quantitatively studied by Tabiryan
the optical-induced molecular reorientation or the laser- and Zel'dovich [4], who also discussed similar processes
induced thermal refractive index change. In the next sec- in smectic and cholesteric liquid crystals. Herman and
tion, we will review these two types of nonlinearities, and Serinko [5] presented a theory of nematic liquid crystal
especially their dynamical dependences. This is followed axis reorientation by an optical field in the presence of a

strong bias dc magnetic field and the associated wave
mixings and optical diffraction effects. Others [21, [31, .

Manuscript received October 7, 1985; revised March 3, 1986. This work mixng and.opticalsdiffractiondeffects.aOthersie2tti3npro
was supported by the National Science Foundation under Grant ECS (5]-1101 have also considered a similar reorientation pro-
8415387 and the U.S. Air Force Office of Scientific Research under Grant cess under steady-state or time-dependent optical illumi-
AFOSR840375. nation. A quantitative analysis and experimental study of

The author is with the Department of Electrical Engineering, Pennsyl.
vania State University, University Park, PA 16802. transient nanosecond laser-induced molecular reonenta-

IEEE Log Number 8609096. tion and heating have recently been presented by Hsiung
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et al. 1121 and by Khoo and Normandin [13]. In this pa- NCRYAIL.

per, we shall therefore provide a brief simplified version
of the theories for orientation and thermal effect whereby
the physics of the nonlinearity and the nonlinear optical E.o (a)

processes in the transient regime can be clearly appreci-
ated. The interested readers could also refer to the lengthy
detailed treatments by Tabiryan and Zel'dovich [41 and K2

Ong 17]. A

Consider two linearly polarized lasers incident on a X
homeotropic nematic film as shown in Fig. l(a). The two
beams' interference gives rise to an intensity sinusoidal 1-2
on the film, i.e., the total electric field amplitude E on the
film is given by

E2 =El + Ej + 2EIE 2cosq• () op y
where El and E, are the amplitudes of the two optical ' b)
fields

q = 1= iK - K2,._ KK1 ,
The free-energy density of the system in the one-elastic

constant approximation is given by [I]

2 5 0 , -0',

Ac(E2 + E2 + 2EiE2 cos qy) sin2 ( 0 
+ () (2) :: °0-

where AE is the optical dielectric constant anisotropy. Af 20 :0,

El - E, and 0 is the reorientation angle of the director
axis ti from the initial alignment. 0

The time dependence of the molecular reorientation fol-
lowing the usual Ericksen-Leslie approach becomes [I 0I200 00

1 020 IW/CM 2
t

T K (ay 2 + a20) + -E Esin 2(0 + 0) (3)

where y is the effective viscosity coefficient. In writing
(!)-(3), we have neglected several terms associated with
flow and inertia (see Hsiung et al. [121) in the medium
which have been shown to be negligible in all of the wave- (di

mixing experiments so far.
In the small-angle (0) limit (which is often the case in

actual wave-mixing experiments), (3) becomes

'y 8 = K a -0 + ale Fig. I. Schematic of two optical waves propagating in (a) a homeotropic
at and (b) a planar nematic liquid crystal film. K's are the propagation di-

2 rections, E,, is the optical electric field. and A is the director axis direc-
AceE' i ( 4 tion. The two optical beams are crossed at a wave-mixing angle in aA (cos 20) 0 + . (4)

4co 2 plane perpendicular to the plane of the paper. (c) Experimental data and

theoretical curves for the phase shift A induced in a 250 um, homeo-
An approximate solution of this equation is tropically aligned. 5CB film by an Ar* laser beam at different angles a:

circles and solid curve, e = 0°; solid triangles and dashed curve, a =
S Z 3*; squares and dotted curve. = 110

. Inset shows the experimentalS(t) Cos qy sin d (5) geometry (after 131). (d) Photograph of the multiorder diffractions via
two wave mixings in a nematic liquid crystal film using CW lasers with

which satisfies the so-called hard-boundary conditions (0 intensities on the order of a few watts/cm. Similar multiorder diffrac-

= 0 at z = 0 and at z = d). tions are observed via transient wave mixings with nanosecond laser %

Substituting (5) into (4) gives pulses (. C. Khoo. unpublished).

06 _FAcE'2 cos 2,6 _ 2it

t I 4 r d 2 or

+ E sin 20 (6) + 0 AEsin 2 (7)
8Wt 7 87r-y

YV' ''. -
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where Fig. I where the laser beams propagate as an extraordi-
nary ray) is given by ,

-3'J (8) An = n,(3 + 0) - n,(3)

vE 2 cos 23 - K( 2/d2 + where n, is given by S
njn2  (12)is the time constant characterizing the buildup of the ne(W3 + 0) = cos 2 (03 + 0) + -S' ' -"

reorientAtion process. -12f2

Depending on the magnitude of the optical field, the Equation (12) gives, in the small 0 limit, an index grating
growth of the reorientation process can be slow or fast. If A
we define an optical Freedericks transition field EF, An(0) - 0 y- sin 23. (13)

47 3K 2

EF = -i-2 In the small 6 limit, and for EF << E, (11) reduces
Ad to a form analogous to those obtained in previous publi-

in analogy to dc field effect, (8) gives cations [11-[4]. The significance of An(6) is its magni-
tude. For d - 100 pm, 3 - 0.5 rad, an optical intensity

I = 47" d 2 3'. (9) on the order of 100 W/cm2 will induce a An of 10 - 3 (8 -
2 1 d 2  10-2). For example, Fig. l(c) shows a detailed measure- •

" 2 I ment by Durbin et al. [31 of the laser-induced phase shift
[due to An(0)) in a nematic liquid crystal film for various

Most previous studies of molecular reorientation emr- values of the angle 3 (denoted as a in [3]). In the context
ployed an optical field below or just above the Freedericks of wave mixings involving two laser beams E and E2 as
field EF, and thus r is large. It is obvious that if the optical described earlier, the theory and experiments were first
field strength increases, e.g., to 104 statvolt/cm2 or more, quantitatively studied by this author (2]. The dependence .5
r can be very short (microseconds or tens of nano- of the self-diffraction effect on the angle 3, the grating
seconds), using standard values for d, AE, K, -y, and q (q spatial frequency, and also the temperature independence
= 21/A where A is the grating constant) (e.g., d - 50 of the nonlinear diffraction were experimentally verified.
gm =: A, Ac = 0.6, K = 10- dynes, ' = 0.1 poise). In the presence of a strong dc bias field, the optical non-
The complication arising from optical reorientation with linearity of a nematic liquid crystal film is enhanced; as
a high-power pulsed laser is that the liquid crystal will may be seen in the photograph of Fig. l(d). This shows •
also be heated [12], [131, via some finite absorption. This the multiorder diffractions from a 75 pm thick nematic
heating effect and the associated refractive index changes film where an applied bias magnetic field is used to first
have been characterized by different time scales from the reorient the director axis. Diffraction efficiencies on the
orientational process, as will be discussed in the next sec- order of more than 10 percent are observed for laser in-
tion. tensities of only a few watts/cm 2. The effect was first con-

The decay time of the process is simply firmed by an observation by Khoo [2] following the pre-
diction of Herman and Serinko [5]. Subsequently, Durbin

/ d2 2  (10) et al. [101 have also studied the problem involving theTrmay K( 2/d q multiple diffraction orders, and have presented a detailed

For a typical thickness d - 50 pm and A - 50 pm, analysis of the multiple diffraction effects.
the decay time is on the order of 1 s. Millisecond decay II. THERMAL NONLINEARITY
time is achieved for d or A on the order of a few microm- T
eters. The dependence of the refractive index of nematic liq-

The magnitude of the reorientation angle 0 depends ob- uid crystal on the temperature has occupied central im-
viously on the magnitude as well as the duration of the portance in the study of the fundamental and applied ,44
pulsed optical field, and will saturate when all the mole- properties of liquid crystals [ 11 ]. In this discussion, we
cules are aligned in the direction of the optical field. We will follow the literature t 11, 1141 and choose as the
note here, however, that for large reorientation angles, (6) starting point of our analysis of the thermal nonlinearities
is no longer valid and one has to use (3), the solution of the dielectric constants el = n, and E2 = n2. Depending
which has been discussed in various contexts by several on the levels of sophistication one desires, there are sev-
workers 131, 141, (7], 112J. On the other hand, for small eral possible forms of ( and E2 in terms of molecular pa-
0, the stationary maximum value of 0 is roughly given by rameters (see, for example, De Jeu, [ 11]). In the simplest

case, they are given by
AEE 2 sin 203 sin rZ/d cos qy

2/2 + 2) AE 2 cos 20 (11) E = I + (Np/3EoM) IaK4,(2S + 1) + a,K,(l - 2S)1
L 4K ( wd  +  q  4v 2 and (14)

For a given reorientation 6, the change in the refractive C2 = I + (Np/3EoM) [aK4(l - S) + a,K (2 + S)]
index An associated with the two extraordinary rays (e.g., (15)

Sk .

% % -.1 1%.
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where a,, and K,., are the longitudinal and transverse .0.... rTF, r 100

components of the molecular electronic polarization (x and dn,,
the internal field tensor K; N is the Avagadro number. p rI
is the density of the liquid crystal. M is the molecular 7weight, and S is the order parameter. The degree of so- I " d1 ..

phistication depends on the vaious models used for eval- x
uating K. To under- ',v,,l the key factor affecting the ther-
mal refractive index change. we shall use a slightly
simplified version where the local field correction factors
are ignored. In that case, c and E, from (14) and (15) can
be expressed in the form

= t + (16) T,-T

ig 2 rhe dependences (t 1 n 'dl' I In, I') and Ill) 1,1 1 I.

- (17) on temperature deduced rom dala in 1141 I,, is the nematic itIropikp
trlnsmIio.n temperature Somre thorehical aluc, ohlained using I Iti 121)

where (cl II I)J are also indicated t,0 and 0)

E1 = I + 3 - (cYlkl + 2ak,) - I + const. p (18) pendicular to the nematic axis are, respectively r-(Dlql) and T, = (D~ql) I. For typical liquid crystals.

and D, - 7.9k 10 cm s 'andD, -1.25 x 10 cm s .
For a grating constant A, = 2r/q, - 17 pr, one gets T,

A(- - (aik, - o,k,) - pS. (19) - 110 Am. On the other hand, r = II (n2T1 )2
T, 50

((M As. These estimated values are in good agreement with
On the other hand, the order parameter S (defined in the experimental data obtained in a recent study 1131.

many standard texts) can be shown to be well approxi- Ill. EXPI.RIMLNTAI.I.Y Otisv.VIr) DYNAMIC GRAIING
mated by the expression EtI* 1(15

S = [I - 0.98 TV2/T,, V,,J 0 
22 (20) A. Nonlinear Diffraction and High-Frequency A ti c

where T,, is the nematic - isotropic phase transition tem- Waves
perature and V,, is the corresponding volume. The most From (15), (16), and (20). it is obvious that the change
significant contributions to the refractive index depen- in the refractive index as a function of a temperature rise
dence on temperature are from p and S. Other parameters is due to a change in the order parameter S and the density
are also highly temperature dependent. such as the vol- p. In the transient regime involving vers short laser pulses
ume V and the specific heat Ct that is involved in the laser (short compared to the acoustic phonon lifetinil the in- S
heating of the liquid crystals. One can think of the con- terference of two laser beams will give rise to an index
tributions from p and S as being primary, while others are grating comprising a nonpropagating component associ-
only secondary and may be neglected. ated with S and a propagating component from p. These

The most significant feature of laser-induced thermal two components, under appropriate conditions (tempera-
index change is the magnitude of dn/dT and dn,/dT. Fig. ture, angle. etc.. as detailed in 1131), will interfere and
2 is a plot of the thermal index gradients (dn /dT and dn,/ produce modulation in the diffraction of a probe bean
dT) of PCB from experimental values of the refractive from the grating produced by the two incident beams 1151,
indexes 114). 1161. The frequency of modulation is given by C,/A where

Typically, (dnI /dT) is on the order of 4 x 10 4 K I C, is the sound velocity in the bulk liquid crystalline film.
while (dne/dT) is about 1.5 x 10 - 1 K 1, which are al- Fig. 3(a) shows the dynamics of the defraction of a CW
ready much larger than most other high thermal index ma- He-Ne probe laser from a grating produced by two lin-
terials (e.g.. cyclohexane). Near T,, both dn/dT's in- early polarized nanosecond Nd: YAG second harmonic
crease by more than an order of magnitude. laser pulses in a nematic him 1171. The initial portion

For transient wave mixings. the detailed calculations clearly shows the modulation caused by the acoustic in-
for the three-dimensional thermal grating buildup and terference. A principal requirement for generating these
temperature distribution and dissipation are obviously gigahertz acoustic waves is that the bandwidth of the two
very complex, and are further complicated by the aniso- exciting lasers be large enough to accommodate the
tropic thermal diffusion constants of the liquid crystals, acoustic frequency; hence, we have the use of picosecond
as well as the enclosing glass slides. In the simplest case lasers in some studies 1151, 116[. Alternatively, one can
where the thermal grating is reducible to a one-dimen- employ a two-mode laser and a wave-mixing angle such
sional problem 1141 (e.g., the case of very small grating that the grating constant A and therefore the sound tre-
constant A compared to the cell thickness d), the thermal quency C,/A matches the frequency separation of the two
decay time constants for heat dissipation along and per- modes 1171.

." ,
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the decay time depends on the grating wavevector direc-
tion with respect to the director axis. as well as on the
grating constant. Obviously, for a match smaller grating
constant, the decay time can be considerably shorter than

(a) the 50 g.s or so observed here.
In some nematics. e.g., PCB (4-cyano-4'-pentylbi-

phenyl). the naturl absorption i, quite small it the second
harmonics of the Nd: YAG laser. To enhance the absorp-
tion constant and thus the nonlinearity, it is possible to
dissolve some dyes that absorb at around 0.53 ptm. e.g..
rhodamine 6G. Experiments have been conducted 1131.
1171 in nematic films with traces of dissolved dyes which

(h) showed that the required laser energies for several non-
linear processes based on the thernal effect were drasti-
callv reduced. A detailed study of the rise portion of the
He-Ne diffraction also shos that the iatramolecular re-
laxation processes that transfer the excitation from the dye
to the liquid crystal take place probably at much shorter
time scales than the laser pulse length. as the diffraction

,10 from a dyed sample has exactly the sanm' rise time as the
undyed sample.

IV. OprICAt. W.VI[RONT CON] I ( k tIN AND -

Mt IA,,WAVF MI\IN,,,

Fig. 3. (a) The temporal dependence of the diflraction ol a (CW He-Ne Fig. 4 depicts a typical optical configuration for wave-
laser from a transient grating induced b, t'. o nanoi.ecind Nd YAG sec- front conjugation studies. The two incident waves El and
ond harmonic laser pulses in a nematic him iP('B. 40 pm thick. ho'
meotropicall, aligned) tatter 1171 Time scale ), 20) n, d1% Similar II E , generate a grating (via thermal or reorientational ef-
trasonic wae generation kas alsio ohscred in a .siictic iqud Lr,,tii fect). E, is the retroreflection of F,. hile F, is the gen-
him II 7h1. (h rhe d 'naiiics, o the thermal grating hrniaton and deca. crated fourth (conjugated or reflected) o.avc. In liquid -

in a neontatic on as iimonitored k. a "W He Ne probe la'er dill raction
The grating \a'.c .ectli A, - K, is perpendicular i the dirct'or ti,. crystalline systems. there have been several studies of r,
ito Same a,, in I). but r K, K. along the director aa,\i'. wavefront conjugation based on diflerent nonlinearity

mechanisms. Fekete et al. 1201 emplo\ed nanosecond
laser-induced molecular reorientation in the iotropic

Using the pump probe experiment, and from modula- phase. the mechanism and dynamics of \\hich were first
tion data similar to Fig. 3(a). both the \.elocity of sound studied quantitatively by Wong and Shen 1201. These in-
and the acoustic attenuation constant in the bulk nematic dividual molecular reorientational efccts exhibit some
can be measured simultaneously. The sound velocities in enhancement. owing to greater molecular correlation as
the nematic and smectic phase obtained using these tran- the liquid is cooled towards the isotropic - nematic tran-
sient wave-mixing effects are in excellent agreement with sition temperature T.. On the other hand. Garibyan et al.
those obtained by other techniques [181. 1191. Obviously. 1211 employed a liquid crystal light valve tor optical wave-
if the incident plane of the laser and the wave-mixing an- mixing processes. The reference and object beam set up sgle are chosen appropriately, and using a planar sample. an interference intensity grating on the light valve which,
one could also study the acoustic velocity and attenuation acting on the photoconductor material coating, changes .7
anisotropies. These transient wave-mixing interference ef- the impedance of the (nematic) liquid crsstal film. In con- •
fects. therefore, could be developed into very versatile junction with an applied dc field, the intensity grating
and powerful techniques (cf. work by Nelson et al. 1161 leads to an orientational (and therefore a phase) grating
and Eichler and Stahl 1151) for studying bulk acoustic that optical wavefront conjugation rising purely optical .0
properties in nematics as well as smectics. field-induced effect in the nematic phase was first dem-

In these experiments, self diffractions from the two in- onstrated by our group where the phase aberration correc-
cident Nd: YAG lasers are also observed. This shows that tion capability was also confirmed 1221. In a later study,
the rise time of the thermal grating buildup is therefore Leith et al. 1231 employed thermal nonlinearity to dem-
on the order of the laser pulse duration, as mentioned ear- onstrate the feasibility of speckle-noise removal in wave-
lier. To investigate further the rise and fall dynamics, we front conjugation using a spatially partiall. coherent laser
again monitor the diffraction from a CW He-Ne beam. beam.
Fig. 3(b) and (c) show the typical dynamics of the thermal For highly nonlinear materials, it is possible to obtain
buildup and decay for the grating wave vector 4 perpen- amplified phase conjugation reflections 1241. Moreover,
dicular and parallel to the nematic axis, respectively. The noise originating from the system could also interfere co-
ise time is on the order of the incident laser pulses, while herently with the pump beams and, with proper feedback

%. % %-
PL _ ,., t,
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es \1 VS \ to

C1

Fig. 4. Schematic of the setup for optical wavefront conjugation using a
liquid-crystal (LC) film. E,: object beam. E2: reference beam. A: aber-
rator, M: mirror, M,,: mirror to be used for self-oscillation effect, VBS:
variable beam splitter to control the intensity of E,. RS: b-sm splitter,
R: total reflector. For an example of wavefront conjunction result, see
Fekete et al. 120] (isotropic phase of liquid crystal) or 120] (nematic
phase).

7 K4

K 1 ,

I" Ka

,2w2' (a)

(b)
Fig. 5. (a) Phase matching in optical wavelength conversion using K, and",

2 to induc he grating and i to generate K4 via four-wave mixing 

process. (b) Experimental setup for infrared-to-visible image conversion
using the transient grating induced by infrared (1.06 Mm) Nd: YAG laser
pulses in a dyed nematic liquid crystal film. The reconstructing beam is
a CW He-Ne (0.63 iMm) laser. The photo insert is a typical observed
reconstructed image of the wire mesh object.

from a mirror, lead to self oscillations [251. A study of tors. Extension of these studies involving visible lasers to
amplified reflection based on thermal nonlinearity of ne- lasers in the infrared regime are also envisioned.
matic has been reported [26). Another consequence of It is possible to use beams at one wavelength to induce
very strong two-wave mixing is that the probe beam will a refractive index grating (or hologram), which subse-
be amplified by the pump [261. Herman and Serinko 151 quently diffracts an incoming beam at another wavelength
first calculated the efficiency of this process in a nematic (27]. Fig. 5(a) shows the basic geometry required for
film just above a dc magnetic field-induced Freedericks phase matching used in our study using a nematic liquid
transition. They predicted that amplification of the probe crystal [281. For a variation of the Bragg diffraction angle
could arise with a very low power laser (with power on 0 by 60 for which the phase-matched condition is still
the order of a few watts). This was indeed verified (Khoo satisfied, i.e., Ak < 7r, one gets
and Zhuang 121). There are obviously several possible
further studies based on these results, such as image am-
plification via phase conjugations and ring-laser oscilla- where k, and k, are the wavevectors. The diffraction solid

A"
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angle of the object beam which sends an area A on the several constructive discussions over the years, and for
sample is given by OD = 4112/k2A. It is therefore possible, the use of Fig. I(c).
in principle, to have the number of resolution elements N,
defined as N - 60/5 4 61, as REFERENCES
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Using low-power cw lasers in conjunction with the symmetric and asymmetric nonlinear transverse self-phase
modulation imparted by a nematic liquid-crystal film, we have demonstrated two forms of transverse intensity-
switching and power-limiting operations. Applications to high-power nanosecond laser are also feasible.

The passage of a laser beam through a nonlinear medi- liquid-crystal film has a thickness of 75 gm. In this
um is accompanied by interesting transverse optical case, the effect of the transverse nonlinearity is to
intensity-redistribution phenomena, such as self-fo- impart an intensity-dependent phase shift on the laser
cusing, defocusing, ring formation, and beam break- beam. This phase shift leads to external self-focusing
up.' These processes have found applications in some (and the associated change in the laser-beam diver-
optical devices,2-

4 among them the so-called passive gence) in the case of SSPM or to self-deflection in the
optical limiter.5  case of ASPM.

We report the experimental observation of two For a given radially symmetric incident optical elec-
forms of optical intensity-switching processes associ- tric-field distribuIion at the plane of the nonlinear
ated with a transverse self-phase-modulation effect in film, Io(r, 0), the transmitted field at a distance z, E(r,
a nematic liquid crystal first observed by Zolotko et al. z), is simply given by the usual diffraction integral,3
and Durbin et al.6 In one case, the whole incident
beam is involved, creating what we call a transversely (r, z) = j2 1 0(r)drrJo(27rrrd/Z)
symmetric self-phase modulation (SSPM). By im-

posing an asymmetry on the incident laser beam (e.g., r{ 2 r2 ]}12
by half blocking it), an asymmetric self-phase-modu- X ex ik 2z + - + bn(r)d ;
lation (ASPM) effect is induced. + I 2RI

Figure 1 is a schematic of the experimental setup where 410 (r) is the incident electric-field amplitude, R
used. The laser used is a cw linearly polarized Ar+ is the radius of curvature, d is the thickness of the
laser (0.51 4 5-Mim line). The liquid crystal used is a in th in filmvand d is the wavelengt of the
homeotropically aligned (cf. Fig. 2) (pentylcyano- lar

biphenyl) (PCB) film. The configuration of the direc- laser. the iotor axis A, the optical electric field Eop, and the propa- Obviously, the intensity distribution (r, z) depends
to av A, te otil elechtric fiel and tepri opa on several parameters. Most importantly, if the input

gation wave vector k is such that large reorientaoional laser beam is Gaussian [i.e., if Io(r, 0) -1 o exp -

nonlinearity is induced.7 The laser-induced reorien- 2r 2/wo2, where w0 is the beam waist], then the far-field 0
tation dielectric-constant change be(r) is given by 7  intensity distribution in the case of SSPM will yield

Aewr2 1O(r) 2f p(r) sin2 2i3, (1)
4 IF

HIGH POWER

where IF is the optical Freedericksz intensity [IF OPAQUE osBJCT/ BM .- - - wwe DEFLECT.ON

(ncir2K/2Aed 2)]; Ae is the optical dielectric anisotropy - - --- OW POWER

(Ae = - eL, where E11 and e_ are the optical dielec- A - - - CowRw.

tric constant for field polarization parallel to and per- -".

pendicular to the director axis, respectively); K is the NONLINEAR FI .(GM POWER'"

elastic constant; and d is the thickness of the sample.
In terms of the refractive-index change bn, we have Fig. 1. Schematic of the experimental setup for symmetric -

and asymmetric (with the use of the opaque object to half
6n(r) = n 2I(r) = (Aeir 2/4nIF) sin2 20Iop(r). (2) block the laser) self-phase-modulation effect. Symmetric

self-phase modulation gives rise to self-focusing and diver-
If the incident laser beam is half blocked (e.g., be- gence of the laser at the detector plane at high power. as

ginning in the positive x direction), then, roughly, shown by the dashed lines. Also shown by dashed lines is
these two expressions will be multiplied by a step the self-bending effect associated with asymmetric self-
function O(x) [0(x) 0 0, x < 0; O(x) = 1, x > 01. The phase modulation.
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/'CRYSTAL interference rings at high input intensity. Moreover,

the divergence of the beam will also change drastically.
This is observed in our experiment and in other stud-
ies.1: 61 In the case of ASPM, the asymmetry in the self-
phase modulation (in the x direction for the present
case) gives rise to self-bending of the beam besides the
other effects associated with SSPM mentioned above.

Fig. 2. Optical propagation in a homeotropic nematic crys- The photograph in Fig. 3(a) is that of the laser beam
tal film. tdetectea at a plane located 7 m from the sample) at

low power, where there is no appreciable self-phase-
modulation effect. At high intensity (-100 W/cm-),
both diffraction rings and a drastic increase in the
divergence of the b;er are observed [cf. Figs. 3(b) and
3(c)].

As the sample is moved around the focal plane of the
lens L, (i.e., the radius of curvature R of the wave front
changes in sign as well as in magnitude), the intensity
distribution at the detector plane varies considerably.
Figure 3(b) is typical of the intensity distribution if
the sample is located just beyond the focal plane of L1 ,

(a) i.e., if R is positive.
The central portion, i.e., the on-axis part of the

beam, has a small region of brightness that seems to
persist at all input intensities. On the other hand, Fig.
3(c) is typical of the intensity distribution if the sam-
ple is located before the focal plane of L1. The central
region is dark at high-input laser intensity. These are

obviously diffraction effects, coupled with the nonlin.
ear transverse phase shift.

As a result of the drastic increase in the divergence
of the beam at the detector plane, the detected power
(the so-called output) versus the input laser power will
deviate from linear, tending to a so-called "limiting"
form. This is indeed observed, as is shown in Fig. 4. 7
The detector collects almost all the transmitted laser
beam, at low power. But at higher intensity, the out-
put shows limiting behavior even as the input is in-

(b) creased by almost 10 times.
In the case of ASPM, similar ring formation and

laser-divergence change are observed, with an addi-
tional effect that the whole beam bends toward the
negative X direction.9  Figures 5(a) and 5(b) show
such a deflection effect. The beam moves by a dis-
placement of roughly twice the laser-beam waist at the
observation plane. The experimentally observed de-
flection angle is found to be 0.03 rad. Using Eq. (2),
one can estimate this deflection angle. For the liquid

-3

(C)

Fig. (a) Photograph of the laser at the detector plane at
low power. (b) Photograph of the laser at higher power
showing ring formation and increased divergence for the
case when the incident laser has a positive radius of curva-
ture. The central portion remains bright for the full laser- 000 0 25 0 50 0 75 1 cc

power range. (c) Photograph of the laser at the detector ,
plane at high power for the case when the incident laser has a I

negative radius of curvature. The central portion tends to Fig. 4. Plot of the detector power versus the incident laser
be dark for the entire power range. power showing power-limiting effect.
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Molecular reorientation in nematics can also be in-
duced by high-power nanosecond lasers. Hsiung et
al.'0 had shown that a homeotropic nematic liquid I,
crystal will be reoriented by a normally incident nano- %
second laser pulse, provided that a strong dc bias mag-
netic field is present, in analogy to the cw case.7 In our
experiment, the nanosecond laser pulse (Q-switched
Nd:YAG second harmonic; 20-nsec duration; 10 mJ; 1- 10.
mm 2 beam size) is incident at an nonnormal angle as in

(a) Fig. 2. In this case, molecular reorientation will occur
without a bias field, in analogy again to the cw case.7
Furthermore, we use a nematic liquid crystal (EM
chemicals EK46) at a temperature far below the ne-
matic -* isotropic point to minimize the thermal con-
tribution. External self-focusing effect and also the

4W formation of ring structures associated with SSPM are
observed. Figure 6 is a photograph of the transmitted
(single-shot) laser pulse. A coincident cw He-Ne la-
ser also shows similar far-field diffraction effects that
collapse back to the original laser-beam profile in

(b) about 4 or 5 sec, which is the orientational relaxation
time characteristic of the 75-gm sample used.7  An

Fig. 5. fa) Photograph of the laser spot on the observation output-versus-input plot also shows power-limiting
plane at low power. Black line at center is for reference behavior similar to that shown in Fig. 3.
purpose. (b Same as in (a). but at high power. The beam
deflects by a displacement of about twice the laser-beam This research is supported in part by grant ECS
waist. 8415387 from the National Science Foundation and

grant 840375 from the U.S. Air Force Office of Scien-
tific Research. Some helpful discussions with A. E. %
Kaplan on laser self-bending effect are also acknowl-
edged. %
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Optically-Induced Molecular Reorientation in Nematic
Liquid Crystals and Nonlinear Optical Processes in

the Nanoseconds Regime
IAM-CHOON KHOO, SENIOR MEMBER, IEEE, R. R. MICHAEL, AND P. Y. YAN

Abstract-We present a detailed theoretical analysis and experimen- pulse through the medium. We have observed very strong
tal study of purely optically-induced nematic axis reorientation and the self-phase modulation effects induced by nanosecond laser
associated nonlinear optical processes such as self-phase modulations pulses, leading to external self-focusing and far-held dif-
and optical switching. It is shown that under a sufficiently intense laser
field ( - 100 MW/cm2 ), nematic liquid crystals will respond in the fraction ring formation [61, and the related optical switch-
nanosecond regime, Single nanosecond laser pulse self-phase modula- inig and interesting off-axis switching and intensity mod-
tion and intensity switching effects are observed. The magnitude and ulation effects.
dynamics of the response are in agreement with theoretical expecta-
lions. Optical power limiting and switching effects associated with sell-
phase modulations are also demonstrated. 1I. THEORETICAL CONSIDERATION

I. INTRODUCTION A. Dynamics

N ANALOGY to dc field induced effects, optical field The dynamics of the reorientation of the nematic direc-
induc.d director axis reorientations in nematic liquid tor axis is described by the torque balance between the

crystal films have given rise to many interesting optical torques created by the optical field on the liquid crystal
and electro- or magneto-optical effects [I]. The dynamics and the elastic forces between the molecules. Consider a
of the optical process are analogous to the dc (or low fre- plane polarized beam incident on a homeotropically
quency ac) field effect 121; under low optical fields (up to aligned nematic liquid crystal film, as shown in Fig. I.
or just above the optical Freedericksz field strength), the Ignoring flow and the inertia effect, the equation of mo-
response times of the orientation process depends on the tion following the Ericksen-Leslie approach [71 is given 9
characteristic length (e.g., thickness and grating constant) by
that influences the molecular torque, which in turn affects
the rise or fall time. These response times are typically in ao a2o (EE 2

the range of milliseconds to seconds. Recently, Hsiung et a= + 87r (
al. (31 have investigated these reorientation processes un-
der the combined influence of a strong dc magnetic field In deriving (1), we have made the one-constant approxi-
and nanosecond lasers. It was demonstrated that the liquid mation (i.e., the three elastic constants for bend, splay,
crystals will respond to nanosecond laser pulses. The pro- and twist are assumed to be given by K). This assumption
cess is very much in analogy to stucies where CW lasers is even better when 3 and 0 are small, which is usually
are employed, in conjunction with a strong dc magnetic the case in the nonlinear optical processes we are consid-
field (that caused a dc Freedericksz transition in the ne- ering. Because of the large birefringence of the liquid
matic film 14]). crystal, a small change 0 ( - 10-2 to 10 - 3 ) is sufficient to

In this paper, we present a detailed study of the problem cause a very large nonlinear effect. In (1), -y is the vis-
where only the optical field is present. In analogy to the cosity constant, AE the optical dielectric anisotropy, and
CW laser case [51, it is shown that director axis reorien- Eop the optical electric field.
tation will occur only under appropriate geometrical con- Under the so-called hard boundary condition Oz=) =%

ditions. Furthermore, we have calculated explicitly the Oz=d = 0, O(Z, t) to the first approximation is a simple
magnitude of the reorientation and their contribution to sine wave
the self-phase modulation of a single nanosecond laser

Manuscript received May 30. 1986; revised October 3. 1986. This work O(Z, t) = T(t) sin (! Z" (2)
was supported in part by the National Science Foundation under Grant \d /
ECS8415387 and by the Air Force Office of Scientific Research under Con-
tract AF.R840375. where the initial condition on T(t) is T(t)/, 0 = 0.

The authors are with the Department of Electrical Engineering, The S ti ( it . . .a i b s of
Pennsylvania State University, University Park, PA 16802. Substitutig (2) into (1) and integrating both sides of

IEEE Log Number 8611725. the equation with respect to z from z = 0 to z = d yields
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NEMATIC LIOUO given by
CRYSTAL

T.= (2AD). (8)

- - E09 In explicit form, using (7) and (4), Tr,, becomes

Sn=y /k

Fig. I. Schematic of a linearly polarized laser beam propagating through 0(E, ) - I + g(E,P, ,2)/(f(/ ) -

a homeotropically aligned nematic liqud crystal film. dJ 0

(9)

dT = (2bK Ir2 K\ 16Kbwhr
- -cs2 - )T- - sin 2# AcEEd- = cos 20 - 33s2 f(EV. 0) = ( cos 20 (10)

2 T2 + 4bK sin 20  (3) and

where we have used the expansion sin (23 + 20) = sin g(E,,, 0) = 
4 sin 20. (11)

20 - 2(sin 20)02 + 2(cos 20)0 for small 0. 3 g 2
In (3), b = AfE2/8TK. Using the following defini- Notice that this expression for rs,, yields a risetime for

tions normal incidence
2b K ir2 g "/ K

A = -- cos 20- - ( = o), rn..(0 = O) 2' d2: AcE_ 2
- /d2

16Kb 47rK
B = 3x sin 20 that is in agreement with previous calculations.

The magnitude of 0, and the risetime r,,, depends on
C = 4bK sin 20. (4) the optical field intensity (E2 ) besides other parameters

(Ac, K, d and '). We can separate the response into two
Equation (3) can be integrated to give distinct cases:

1) E' << E', and 2) E2 >> E2 , where Eh is the
dT OP th O th F '
B * c - JA di optical Freedericksz transition field (E h = 4irKB, C = Aat.A: -,d_-').T --T + <<2
TA A Case 1): For EP << Eth

Af 2o 2 (, di'. (5)-- E(') (5) . 2AD 2A

For simplicity, we shall assume that the laser pulse is ___'_____l

a square pulse described by: E0, = 0, 1 < 0; E0,(t) = (r' AcE cos2  
%

E,,p. 0 s t < T, where T. is the pulse duration. In that K d2  4rK
case, we obtain that y

(i) 0 :i s ,, (12)

T A +D[((D- /(D + 4)) e' ' - I]] For typical nematic parameters, y - 0.1 poise, d - 100

i) = [ [I+ (( - 4)/(0 + )e 2''j] jim and K - 10-7 dynes, one gets r,,,, = 7 s.
In order to have significant nematic reorientation in a

(6) short time scale (e.g., as induced by a nanosecond laser
pulse) it is obvious that an optical field much larger than

where the Freedericksz threshold is needed. Consider therefore
the other case:

D= /+BC/A. ( Case 2): In this case, E, >> Eh,

D C A 2 7 :i E ' ( 1 3 ) . .
For our calculation of T(t) land therefore 0(t)] to be = D (13)

valid, we require that e'ADI be much smaller than unity. 4w,
i.e., the growth of T(i) in the small-signal regime is lin-
ear in i. This allows us to identify a so-called risetime r, The disappearance of the elastic constant K from this

0

e'AP. .?No
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expression reflects the fact that in this high-field regime, where the refractive index for the extraordinary ray is
the dynamics of the reorientation is decided by the torque given by
balance between the viscous force (characterized by the I
viscosity coefficient y) and the optical field; the torque n(O3 + 8) 2 211

from the boundary plates (characterized by K and d ) is /nsin2 (03 + 0) + nII cos 2 (3 + 0)

negligible in comparison to the optical field. (8
For typical values of y - 0.1 poise, Ae - 0.6 (in the (18)

case of PCB (pentyl-cyano-biphenyl)), an optical field For 0 << 1, we get
Eop = I0 statV/cm will give a response time r, - 20
ns. an(t, z, r) = sin 20 • 0(t, z, r). (19)
In the short pulse regime, even though the optical elec- ) 2IE

tric field is much larger than the Freedericksz field, the Correspondingly, the laser acquires a transverse phase
induced reorientation angle 0 (for typical value of Eop used shift AO ( r, t) given by
in the experiment) is quite small. This may be seen from
(7). Using the expansion e2ADT , I + 2ADt, and D - A0(r, t) = 2 x An(t, z, r) dz. (20)
(1 + 2BC/S 2 ) for4BC/A 2 << 1 (i.e., 0 < 1), we ob- X 0
tain tUsing (19) and (14), we get

Tt - ___Ac__3

T(t) - . sin 213 E (t) dt'. (14) A0(r, t) = 3 sin2 21 E3(r, t') dt'.

The maximum reorientation angle (at z = d / 2 and for t
= Tp), is therefore (21)

3 6E Given the phase shift in (21), the intensity distribution
8rwx -;2- Si T 2 e . (15) of the transmitted laser at a distance z from the thin film

is given by [8]
An interesting point about 0maK is that it is independent of
the elastic constant K and the film thickness d, but de- t = e
pends on the angle 3 between the director axis and the Ir r
optical propagation vector. In this sense, one may say that r 2 11

nematics under the nanosecond laser pulse excitation have • exp -ik + + i t) (r,
lost some of their liquid crystal characteristics [i.e., no L k +R)
dependence on K or d in (15)], yet they still retain the (22)
correlated nature as reflected in the dependence on the
angle 3 characterized by the director axis direction. For where w0 is the spot size and R the radius of curvature of
an optical intensity of 102 MW/cm 2 (Eop = 103  the wave front of the incident laser. r' is the transverse
statV/cm), Tp = 20 ns, Ae = 0.6, and -y - 0.1 poise, coordinate at z from the film.
m i .2 X 10-2 rad. In the case of CW laser illuminations, as has been

The fall of the reorientation process is obtainable in a shown by various groups [61, the resultant steady-state
trivial way from (1) by setting Eop = 0 and using 6 from intensity distribution will exhibit interference rings, self-
(2). One gets focusing, and divergence changes, etc. In the time-depen-

dent case, the transmitted laser pulse will experience a
-, 7 (16) time-dependent divergence change, progressively form-

K(z/d 2 ) ing larger numbers of interference rings. The intensity

which is on the order of 102 ms as we estimated earlier distribution is obviously a function of several parameters,
(see (12) and the discussion that follows), the most important of which are the incident laser beam

B. Transverse Self-Phase Modulation waist w0, the radius of curvature of the wavefront and the
nonlinear time dependent phase shift. These detailed de-

In the preceding discussion, the optical field is assumed pendences have been analyzed before [91 in conjunction
to be an infinite plane wave. We now consider a more with our study of transverse bistability and in a recent
realistic case where the laser transverse profile is Gauss- detailed time-dependent calculation of the transmitted in-
ian, i.e., tensity distribution using (22) above 110]. The calcula-

EE (r) = E. e-  / tions for various ranges in values of these parameters arewhere w0 is the beam waist, too detailed to be included here. As an example, we note

For a given reorientation 0 (1), there is an accompany- here a specific case where the film is situated just beyond

ing change in the refractive index An (0) given by the focal spot of the incident laser beam (i.e., the radius
of curvature of the incident laser is positive). As shown

An(t, z; r) = n(O + 0(t, z; r)) - n(13) (17) in Fig. 2, the transmitted intensity distribution as a func-

9N
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7 2- ,, Fig. 3. Schematic of the experimental setup to observe self-phase modu-
J~ ,~ Ftlation effect associated with molecular reorientation in a nemnatic film.

The He-Ne laser is almost collinear with the Nd Yag laser and both
lasers are linearly polarized.
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Fig. 2. The theoretically calculated radial dependence of the transmitted
beam intensities as a function of the input intensities. As the input in-
tensity is increased the laser beam diverges and interference sideband
rings occur.

tion of time (or laser intensity) evolves from a single Fig. 4. Photograph of the transmitted far-field intensity of the Nd: Yag

Gaussian to a much diverged beam with interference side- laser at high power showing an increase in divergence and the formation

band rings. This is indeed observed experimentally. of sideband rings. The asymmetry in the ring system is due to input laser

azimuthal asymmetry.

Ill. EXPERIMENT AND RESULTS

Fig. 3 schematically depicts our experimental setup. A geometries (w0 - 0.5 mm, d = 75 pm), the orientational
Q-switched linearly polarized 20 ns Nd: Yag second har- relaxation time is estimated to be about 4 s, which is in
monic pulse (0.53/Mm) is lightly focused (spot size = [0.5 excellent agreement with the experimental observation.
mm 2) on the nematic film. We have experimented with As 03 is decreased from a value of 220 towards 0; the
two kinds of nematic liquid crystals, PCB and EM chem- divergence effects gradually disappeared. This depen-
icals E46 (which has a nematic range from -9.5 to 88°C, dence on 3 is in accordance with the theory and is similar
and has a small thermal effect). The liquid crystals are to the reoientational effect induced by low-power lasers.
homeotropically aligned and 75 14m in thickness and kept For 3 = 0, and at a much higher laser intensity (laser
at 22°C. The angle 3 between the laser propagation and pulse energy 5 mj), thermal effect associated with the
the director axis (c.f., Fig. 1) is varied from 0 to about change in the ordinary refractive index no with laser heat-
220. A pinhole is situated about 4 m downstream, and in ing (i.e., dn/dt) sets in, and is manifested also in a di-
conjunction with a fast photodiode, monitors either the vergence change. The dynamics of such effect, as moni-
on-axis or the off-axis intensity. An almost coincident lin- tored by the He-Ne laser, is very different from the
early polarized He-Ne is used to monitor the Nd:Yag reorientational case (as has been noted in recent studies
laser pulse-induced lensing effect. The energies in the [31, [11]). The He-Ne laser exhibits a relaxation time (the
laser pulses are varied up to about 6 mj, at which point collapsing back of the diverged beam to the original beam
the sample shows signs of permanent damage (decompo- profile) in a few milliseconds. From our previous study
sition). (III of thermal diffusion in PCB. the characteristic ther-

For both samples, the observed self-phase modulation mal decay time is in our present case governed by the
effect as a function of 0, dynamics, etc. are very similar, thickness of the film (75 pm) which is much smaller than
The discussion that follows pertains to our experiment the laser beam waist (0.5 mm). Hence, the thermal dif-
with PCB cells. fusion process is predominantly a one-dimensional pro-

Reorientational effects are not observable for 3 = 0, cess towards the cell walls from the nematics. The char-
but are easily observable for 13 > 0 (3 22*). The re- acteristic time is therefore given by

orientation effect is manifested in the increased diver- (

gence of the transmitted laser beam as well as the for- r - ,,,,

mation of rings (c.f., Fig. 4), and is easily monitored with where D is the diffusion constant [121. Using D - 7.9 x
the He-Ne laser after each Nd: Yag pulse. Typically, the 10-4 cm 2 /s-', d = 7.5 X 10-3 cm, we get r - 1.8 ms,
He-Ne laser will exhibit an "instantaneous" divergence which is in accordance with the experimental observation.
change and rings (similar to Fig. 4), which collapse back The increase in divergence due to the thermal effect (at
to the original beam in about 4 s. For the experimental 1 0) is also observed to be much less than the diver-

J..
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Fig. 6. Oscilloscope trace of the power detected on an off-axis location
showing an initial switch on (due to the increased divergence of the laser)
followed by oscillations due to the interference rings moving out from

o ---.-..--- ....- ,r-•.. . ...- the central region. The total detected power includes some (side-scatter-
o oo 0 25 0 50 0 75 1 00 1 25 5 o :-' ing) background contribution from the input laser, which explains why

the oscillation modulation is not unity. (Horizontal time scale is 50

n J ns/division.)

(a)
Fig. 5 is the on-axis power (versus the input laser

power) as monitored by the detector. It shows a remark-
able resemblance (which is expected) to that observed with
CW laser. As the self-focusing effect intensifies, the
transmitted beam experiences a secondary focusing effect,
leading to enhanced divergence at the detector plane, and
a corresponding decrease in the on-axis power. This effect
has found applications in the construction of passive/op-
tical power limiters [13]. Fig. 5(b) and (c) are oscillo-
scope traces of the on-axis detected power for two differ-
ent angles 0. For 3 = 0, where there is no orientational

(b) effect, the output detected pulse is similar to the input
laser pulse. On the other hand, when reorientational effect
sets in (e.g., for 0 = 22°), the detected on-axis pulse is
much smaller in amplitude. This region of diminished
output versus input behavior occurs at an incident laser
energy of > 1 mJ (c.f., Fig. 5).

The switching of the on-axis power to the off-axis lo-
cation can be more directly monitored with the detector
situated at about 3w 0 from the beam axis. Fig. 6 shows a
typical detected pulse when self-focusing and diverging
interference rings occur. The small detected nonoscilla-

(c) tory signal comes from background scattering from the
Fig. 5. (a) Experimentally observed on-axis detected laser energy as a nematic films whose time evolution resembles the inci-

function of input laser energy showing enhancement of the on-axis power dent laser pulse.
due to external self-focusing effect, the occurrence of a dip in the inten- The later part (after about 10 ns) of the detected off-
sity and power-limiting behavior at higher input powers. (b) Oscillo-
scope trace of the transmitted laser pulse at 0 = 0 (laser pulse energy axis laser pulse, however, shows that the power switched
- I mi). (c) Oscilloscope trace of the transmitted laser pulse at 0 = 220 up to a high value, followed by oscillations associated
(laser pulse energy - I mJ). with the diverging rings. About 5 rings are observed, cor-

responding to about the same number of spatial rings ob-
served on the detector plane. The occurrence of these os-

gence associated with the reorientational effect at t3 = cillations is the temporal equivalence of the spectral
22'. In the former case, the divergence change is about broadening effects observed in other self-phase modula- ,,
two to three times the laser original divergence (with tion studies [14]. In an approximate way [61, one can as-
hardly any ring). On the other hand, in the latter case, the cribe a maximum phase shift difference of 21r(N) between
induced divergence (even at a smaller laser intensity) is the central maximum intensity point (r = 0, 1 = 10) and
about ten times larger, accompanied by many side inter- the radial wing (r >> wo, I - 0), where N is an integer.
ference rings (typically more than four or five rings are From expression (20), the maximum phase shift can be
observed, c.f., Fig. 4 of the transmitted Nd: Yag pulse). calculated using the data: E, (1 mJ pulse in 20 ns on (0.5
A corresponding number of rings are observed in the mm) 2 area) - 3 X 103 statV/cm (intensity of 2 x 108
transmitted He-Ne laser. W/cm2 ). This gives 0 = 2.4 x 10-I rad, and therefore

"Is p
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We present a detailed theoretical calculation, with experimental verification, of the nonlocal molecular reorienta-
tion of the nematic-liquid-crystal director axis induced by a cw Gaussian laser beam. The natures of the torque
balance equations and the solutions are significantly different for normally and nonnormally incident laser beams.
The nonlocal effects resulting from molecular correlation effects are particularly important for laser spot sizes that
are different (smaller or larger) from the sample thickness. Experimental measurements for the transverse
dependence of the molecules and the dependence of the Freedericksz threshold as a function of the laser beam sizes
are in excellent agreement with theoretical results. We also comment on the effect of these nonlocal effects on
transverse optical bistability.

INTRODUCTION In this paper we present several new aspects of this prob-
lem. They include an experimental confirmation of theStudies of optical-field -induced molecular reorientations in theoretical results for the oblique- incidence case as well as , ,

the nematic phase of liquid crystals have revealed interest- theor for the o ique- inciden ases
the theory for the reorientation of normally incident lasers

nificance. Earlieffectsoudes both fundamental and applied sig- (i.e., when the laser polarization is orthogonal to the director
th e xt ariri lareotiis seval onlnegroups hac be axis of the nematic film) and experimental results for the _
the extraordinarily large optical nonlinearity that can be observed Freedericksz transition field and broadened (orinduced with relatively modest-power lasers,2 and recent narrowed) radial dependence.
studies have shown the possibilities of utilizing these nonlin-
ear effects in optical bistabilities and wave-mixing process-
es.3 A particularly salient point of nematic response to an THEORY
optical field is the strong correlation among the molecules. Consider the problem of a linearity polarized laser incident
This correlation is manifested in the existence of molecular uo oetoial lge eai im ssoni

elastic torques within the bulk nematics and from cell upon a homeotropically aligned nemnatic film, as shown in
b uai ores Thisretsin ah s l l n o c a ld r o nsel o Fig. 1. W e shall limit our discussion to the case in which 6 <boundaries. This results in aso-called nnoa epneo

a nonlocaresponseo < 1, for the sake of simplicity as well as for practical _
the nematics to a laser of finite beam size, i.e., the transverse orthensae imp l a well aforpratical

depedene o th molculr rorintaion ngl exibis a considerations (because in general a small reorientation 6dependence of the molecular reorientation angle exhibits a will contribute to a rather large change in the optical refrac-width that is in general different from the width of the laser tive index for nonlinear effects to manifest). Since the theo- "'.
beam. This problem has been treated briefly by several retical results for the - 0 case have been discussed before,
workers in various contexts.4 ,s

reticallresultssforrthehe th0ocaseahavelbeentdiscussedhbefore,
In these studies, however, either physically unrealistic we will discuss here the theoretical calculation for the caseassumptions (such as assuming that the laser transverse = 0

In general, the free-energy density of the system consistsbeam profile is a rect function) are made or the treatments of the terms from the three elastic torques (bend, splay, and
are too qualitative (they apply to only one particular geome- twist) and the optional torque. The free-energy density
try). In some nonlinear optical processes, e.g., transverse term F, associated with the bending distortion is given by _
self-phase modulations, self-focusing effects, and bistabili-
ty,'6 '7 a more exact description of the transverse spatial de- h )2
pendences of both the laser beam and the nematic reorienta- F= 2 (7. n)2

tion are required. k.
In a recent study8 we presented a calculation for the case f - (cos cos, 06; - 2 sin 6 cns 0 cos 0,6.0

of a linearly polarized laser incident obliquely upon a nemat- 2
ic film (i.e., where the laser propagation wave vector makes a + sin2 66,2), (1) 0
finite angle with the director axis). We showed that, under
physically reasonable assumptions (e.g., all the angles in- where k, is the elastic constant for bending, o is the azi-
volved are small), the torque balance equations lend them- muthal angle, z the direction of propagation of the laser that
selves to analytical solutions. Some transverse depen- coincides with the unperturbed director axis, and 0, and 6, -
dences of the reorientation as a function of cell geometry and are the derivatives of 6 with respect to r and to z, respective- I'

optical director-axis configurations were discussed. ly. %.
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NEMATIC LIQUID The total free energy of the system is given by

f = rdrdzjF,(r) + F2(r) + F3(r) + F4(r)l. (9)

Z* _A minimization of the free energy of the system with
respect to 0 gives

O a f = o, (10)
Or, \oe) +z 0\ 10)0

Fig. 1. A linearly polarized laser beam incident upon a homeo- where

tropically aligned nematic-liquid-crystal film. f = r[F1 (r) + F2(r) + F3(r) + F4(r). (11)

The free-energy density term associated with twist is giv- This gives, finally, after some lengthy and straightforward

en by calculation, the torque balance equation

k 2  
2  2(K, - K1)sin 2 6 + K3 6ZZ + '12(K, - K3)sin 20(8)2

2 2
+ A( Ep 2(r)sin 29 + 1 1(K, - K,)cos2  

+ K3 + K 2]0,,

and that associated with splay is 82 2

3  V X+ 
1
14 (K 3 - K,)sin 20(0r)2 + (K 1 - K 3)cos

2 0
F3 

ffi
- (V x V x n)2

2 + K 2 + K 3)6,/2r = 0. (12)

= (sin 6 sin 0 cos 0 cos 00 r - cos2 6 cos 400 Even for the case of an infinite plane optical wave, Eq. (12)

- sin 0 cos 66,)2 + (cos o sin 0 cos 0 cos s0, is extremely difficult to solve. A more meaningful and phys-
ically more insightful approach is to make a so-called one-

+ cos € sin2 00. + sin 6 sin € cos 0 sin bz)2  constant approximation (i.e., KI - K2 - K 3 - K). Second, in
the tirst-order approximation, the dependence of 9 on z is a

+ (cos 2 6 sin $0z + sin 6 cos € cos 0 sin 0,.)2, (3) simple sine wave, i.e., we assume that O(r, z) is of the form10

where k2 and k 3 are the elastic constants for twist and splay, O(r, z) = ROr)sin - - (13)
respectively. ( z

The total free energy of the system associated with the
elastic forces is therefore given by which obeys the hard-boundary condition O(r, z) = 0 at z = 0

and at z = d. In that case, Fi, F2, and F3 from Eqs. (1), (2),

Fe = f rdrdZ J (Fi + F2 + F3 )do and (3) add up and contribute to the total elastic free energy
S=2k d ] rrK (o + Oz2] (4

= rdrdZ[FI(r) + F2(r) + F3(r)), (4) 27rkIdzI rdr 12 9 + z (14)
if while the optical free-energy density term remains un-

where F,(r), F2(r), and F3(r) are given by changed. The total free energy is therefore

F1 (r) = - (cos
2  + + 2 sin 2 60 2

), (5) F' = 2 1r dz f rdr (Or2 A - - E°p
2
(r)sin

2 
].

(15)

F 0(r) = 2 O2 (6) In the case of a Gaussian laser beam, E,,p(r) is given by

EoP'(r) = Eo Ze -  (16)

F3(r) = - (2 cos2 Oz 2 + sin2 002). (7) where a = 2/w 2 and wo is the beam waist. Using Eqs. (16)
and (13) in Eq. (15). and using sin2 a 02 - 04/3, we get,

On the other hand, the free-energy term arising from the finally,
optical torque is given by

- ,e F' = rk rd(dR/)2 + + R
F4(r) -- E 2(rsin2 9. (8) 2 (d)

The significance of the factor (e /f ;) in Eq. (8) was first -
pointed out by Csillag et at.4 and arises simply from taking " W e 6 - • (17)

into account carefully the electrodynamics of laser propaga-
tion in a birefringent medium. 4 ,5s 9 In Eq. (8), (,_ and (, are The minimization of the integrand in Eq. (17). denoted as

the optical dielectric constants for fields perpendicular and I(R'. R), gives
parallel to the director axis, respectively: d [3(R', R) MI(R,R') 0 (18)

~~ =( (Ir L ' O
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R ' +-+[ar- -- eaR3 =0 (1) NUMERICAL RESULTS
R, +R~ + [e- - 0, (19)

r L 2 Numerical results for R(r) are obtained for a large range of -

where b ffi (AE/4Tk)Eo 2 and the boundary conditions on R values of wo (measured with respect to the thickness of the
sample d).

are

R(-) = 0. (20) T
R'(0) = 0, 

0.41

In Eqs. (17)-(19), R' = OR/Or and R" = 02R/0r 2 . 03

Equation (19) is an interesting nonlinear equation in R(r).
The occurrence of the cubic term (aR3) is due to our expan-
sion of sin 0 to third order in 0 [see the sentence just before _

Eq. (17)], and its inclusion is necessary for a nonvanishing 0.2-

solution of R. In analogy to the infinite plane-wave case, a

nonvanishing value of R occurs only if the optical field ex-
ceeds a threshold value. In the infinite plane wave, approxi- 0. 1
mately (a = 0), the threshold field is well defined by the
relation

bth = ir/d(Eth2 = 4,r 3KAE-id- 2). 0.0 -
0.000 0.005 0.010 0.015 0.020

However, in the present case, because of the Gaussian func- r (cm)
tion e- r2 attached to the optical-field square amplitude (a)
Eop 2, the equation for R(r) clearly breaks up into two distinct
regions: one region (region I) corresponds to the square-

bracketed term in Eq. (19) being positive, while the other
(rpegon TI) correspond to the term being negative. Further- 0.20

more, since the molecules outside the laser beam exert tor-
ques on those in the central region of the beam, in competi- 0.15 0
tion or conjunction with the torque from the cell walls, the
so-called threshold field also obviously depends on the laser P

beam waist. 0.10

It is instructive to compare Eq. (19), derived under the

condition that 0 = 0, with the equation governing the radial 0.05

function for 0 * 0 derived previously. We denote the reori-
entation angle 0(r, Z) for the case 03 ; 0 as (r, Z) = o.oo Ji Ioi
Ri(r)sin(rZ/d); then R1(r) obeys the equation 0.000 0.005 0.010 0.015 0.020 0.025 0.030

R, (,r)'?,b, rcm)
R,"(r) + - + b cos20e-" ' - ,- 2e-"' sin 2 =0. (b) %

r d 2+es 200
(21) 0.25 -"

Equation (21) contains a so-called "bias" term b/2e-ar2 sin 20,
i.e., there is a nonvanishing torque exerted initially by the 0.20-.

optical field on the director axis. Optically induced reorien- - -"

tation is therefore possible for any finite value of Eo. As a
result of this difference between the 0 = 0 case and the 0 6 0 0.15-"

case, the nonlocal dependences, which are manifested in the Z
form of differences between the width of the laser beam and
the width of 0(r), are quite different for the two cases. o.io.'
In the case of 0 # 0, the width of 6(r) is always larger than wo,
but for the 0 = 0 case the width can be greater or less than wo,
depending on the laser beam waist compared with the thick- 0.05

ness of the film. ..-
As was shown previously,8 there is a closed-form solution •

to Eq. (21). Equation (20), however, does not yield any 0.00
meaningful closed-form solution, but it can be readily solved 0.00 0.01 0.02 0.03 0,04

numerically. In the next two sections, we discuss some of r (cm)

the salient points of the nonlocal dependence for the 0 = 0 (c) J, "*
case. We then also recall the counterpart results for the 0 0 Fig. 2. (a) Solution of the reorientation transverse profile R(r) for '

0 case and compare these results with our experimental the case wo/d = 0.4 [wo = 40 gm, d = 100 gm]; (b) Rir) for uo/d f 1;

observations. (c) R(r) for wod = 2. For all 3 = 0. d = 0.01 cm. 1

,- .'....... %, , %
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In the 3 = 0 case, director-axis reorientations do not occur 2 5
until the central maximum intensity 1(0) = (nc/4ir)Eop2 

is

greater than the Freedericksz threshold intensity [i.e., for b
> bthI°), where bth(01 

= (A(/8rk)Eh21. The values of b for 2 .
which 0 * 0 occurs depend on w0 .

Figures 2(a), 2(b), and 2(c) show the typical dependence of 0
R(r) for wo/d = 0.4, wo/d = 1, and wo/d = 2, respectively. In
general, the director reorientations occur only after the inci- .5 -

dent optical electric field is well above the threshold field o
(which we shall discuss presently). The important point
about Figs. 2(a)-2(c) is that the width of R(r) (which is .0

measured by the e- 2 point; even though the curve is not a
Gaussian this somewhat arbitrary approach gives us a mea-
sure of the width of the curve) with respect to the incident
laser beam width is clearly dependent on the laser beam 0.5 ....

width relative to the thickness of the sample. As shown in 0 1 2 3 4 5 6 7 8

-_/d

.2Fig. 5. Plot of the width of the reorientation transverse profile wel
u,1 versus wo/d for the case 0 * 0 (from previous calculations in Ref.

0 6). Circles are experimentally observed points.

Fig. 2(a), where wo/d - 0.4, the width of R(r) (denoted as w*)
0.8 is larger than the incident laser beam width wo. On the

other hand, Fig. 2(c) shows that for wo/d = 2, one finds w, to
be less than w0

0.6 This variation of w5/wo with wo/d is plotted in Fig. 3, which

% shows this trend, i.e., the value of wa/wo drops off monotoni-
0 cally from being larger than unity (for wo/d < 1) to smaller

4-- than unity (for wo/d > 1). At wo/d - 1, we have wa/wo - 1.
As we mentioned earlier, as a result of the significant

0.2- elastic torque from molecules surrounding the laser beam
(besides the boundary elastic torque), the field required to

create finite molecular reorientation (which we shall denote
0.0- bth) is, in general, larger than that associated with infinite-

0 1 2 3 4 5 6 beam-size lasers. Figure 4 shows a plotofthe value of bth for
w./d which nonzero reorientation d(r) occurred. As a function of

Fig. 3. Plot of the width w0 of R(r) as a function of the ratio of wo/d, we note that bth - bth")) for w) >> d.
incident laser beam waist to the thickness of the film (wold). Cir- For the case d 0, there is no threshold field; the solution
cles are experimentally observed points. (0 0.) of Eq. (2 1) shows one other main difference, namely, that the

width of the response R 1 (r) is alwa vs larger than the laser

3000 0 beam width. Figure 5 is a plot of wo/wo versus wo/d from the
O0O 0 numerical results obtained from our previous study. For

wold = 2, for example, one gets vo/w, - 1.5 for the a * case.
On the other hand, tbr the 3 = 0 case, we get w/wo 0.7.

E 2000

EXPERIMENTS
oThe transverse dependence of the molecular reorientation

0 and the associated transverse dependence of optical refrac-
000 tive-index change on the laser spot size play a crucial role in

nonlinear processes involving the nonlinear (intensity-
o. dependent) transverse phase shift. In self-phase modula-

tion. and in transverse optical bistability, the observed effect

0 depends both on the size of the laser beam and on the
0 1 2 3 4 5 detailed index profile change. These concerns motivate our

w./d experimental verifications of the preceding theoretical re-

Fig. 4. Plot of the theoretically predicted threshold intensity 11h at suits.

which reorientation occurs versus uw,/d. The value P' corresponds Figure 6 is a schematic of the experimental setup to mea-
to, the case involving an infinite plane wave 0d = 0). Circles are sure the reorientation profile. The nematic liquid crystal
experimentally observed points, used is a homeotropically aligned 100-m-thick EM chemi-
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cal E46 sample at 22'C. E46 has a Ac of 0.7, a nematic range 40

from -9.5 to 88*C, and little (negligible) thermal effect at
the Ar laser 5145-A line. The Ar laser is linearly polarized
and focused onto the liquid crystal. The beam waist of the 30

Ar laser on the liquid crystal is monitored with a knife edge
mounted on another translator (not shown). The translator
shown in the figure, with a 0.5-Mm resolution, translates the 20-

He-Ne probe beam. Both the He-Ne and the Ar lasers_
experience a self-phase modulation effect associated with
the transverse phase shift caused by the molecular reorien- 10
tation (induced by the Ar + laser). These self-phase modula-
tion effects are manifested in the form of an increased diver-
gence and appearance of interference rings of the laser 0..

beams at the screen (placed 5 m away from the sample). 0 5 1 0 1 5 20
The liquid-crystal film is oriented such that 0 assumes a input Intensity (W/cm 2) L

value of either 00 or 22' with respect to the Ar laser beam (a) ?

direction.
The results, as shown by the experimental data points in 30

Figs. 3-5, show a remarkable agreement with theoretical
calculation. The measured widths of the radial reorienta-
tion profile w, (relative to wo) versus the waist (relative to
the thickness d) are of the order of unity for wold - 1 and o .-

decrease as uw0 increases (cf. Fig. 3) in the case of 3 = 0. On " 20

the other hand, for 0 P 0, as shown in Fig. 4, the experimen- S
tal measured width wo is always greater than the laser beam -

waist wo for all values of w0 ; wo approaches wo for large values S -

Of a*( , -,I

As is shown in Fig. 5, the experimentally observed thresh- "

old field dependence on wold also follows the theoretical
prediction. For E46, a 100-pm sample has a Freedericksz
transition field intensity of 200 W/cm 2 (using the values Ae ' - ,
0.3, K - 10-,, d = 0.01 cm, andn - no - 1.5). For large 0;,-,

values of a'o/d (for example, wo/d >- 5), the observed thiesh- 2 4 6 8 o .It, 1W/cmr2 )e
old field approaches this value. However, as the incident ",b 2

laser beam size decreases to a value comparable with thethickness d or less, the threshold optical intensities increase Fig. 7. (a) Transverse optical bistability for the case d = 22* ,  "drathics At or ls , the threshold l intensits increases showing how the switching changes as the width of the reorientation

dramatically. At w0 -- d, the threshold intensity increases profile is varied. Curve 1: width of f(r) = laser width, i.e.. local
by almost an order of magnitude. In general, the experi- response; curve II: width of 0(r) = 1.5-laser width; curve III: width
mentally observed relative increase of the threshold field is of H(r) = 2-laser width: curve IV: width of 8(r) = 4-laser width. (b)
slightly larger than the theoretical value, probably because Transverse optical bistability for the case d = 0*. Curve I: local ',

response, width of 1(r) = laser width; curve I: width of tl(r = 1/3
of a systematic difference between the experimental obser- laser width showing markedly different switching characteristics.
vation of the onset of reorientation (by the appearance of the
self-focusing effect on the exit Ar + laser beam) and also because of an error in the spot-size measurement. Never-

theless, the overall dramatic dependence of the threshold
intensities on the beam waist is conclusively demonstrated

TRANSLATOR in Fig. 5.

FURTHER REMARKS%
The observed (experimentally and theoretically) broadening .0
or narrowing of the response of the nematic reorientation -k

could, and should, be taken into account in the study of ,
noinlinear transverse optical effects involving a focused
beam. We end this section with reference to transverse ov.
(ptical histability, which recently has received considerable
attention.

Figure 7(a) (calculated using the technique developed in
Ref. T) shows what would happen to the output versus input

Fiw..6. Experimental setup for measuring the width of the director histahility (of the transmitted on-axis laser intensity) for
ixis reorientation induced I a (aussian laser beam. BS, heam vario(us laser beam sizes in comparison with the thickness of
plitter: .. lens; I.', liquid-crystal film. the film for the case - 22*. Although the switch-down
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Abstract

We present here further analytical results for the fundamental mechanisms of bistable
transverse intensity distribution of a Gaussian laser beam after its passage through a
thin nonlinear medium. We have derived explicit analytical expressions for the transmitted
intensity distribution in the case where the beam undergoes only self-phase modulation
effects and where a single reflection feedback is present. The qeometrical conditions for
bistable optical switching. the dependences on various geometrical and laser parameters
for both positive and negative nonlinearities and the effect of saturation,are discussed.

Introduction

Recently. a new class of so-called cavity-less opticl bistability phenomenon has
received considerable attention. In particular. Kaplan has proposed several schemes for
optical bistability utilizing the self-focusing process, in conjunction with a single
reflection feedback. A detailed theory2 with experimental observations for the case of
weak" or "external" self focusing involving a nonlinear thin film has recently been
described.

In this paper, we present further new analytical results for this type of optical
bistability which originates from the transversely dependent nonlinear phase shift
experienced by a Gaussian laser beam in traversing the nonlinear thin film. We generalize
the theoretical consideration to both positive and negative nonlinearities (i.e. for
n, ; 0 and for n 0) and derive explicit expressions for the conditions for bistable
cperation. The theory presented here should be applicable to all nonlinear thin film,
and in particular, solid-state thin films which appear to be the best candidate for
optical processing applications.

Theory

The configuration for the observation of transverse intensity bistabilitv is
schematically depicted in Figure 1. A cw laser with a curvature R, incident on the
nonlinear thin film (where the laser beam waist is jis reflected after pipasage thrc .
the film and a lens back onto itself. The transmission throu'h the mirror is monitored
by a pin-hole placed at various radial positions from the axis of the beam. The refractive
index change induced on the film is of the form

:n = n2  1 (r) (1)

U" where I (r) is the optical intensity at the film and n, is the nonlinearit': coefficient.
, Ticallv, n 10- for a liquid crystal film, and of-the same magnitude or larger for

solid-state ihin film.

This refractive index change imparts a transverse phase shift on the optical field

(r)=r 2 d2 n2 (Z)I(r)dZ= L n, dI(r) (2)S n2

where d is the thickness of the nonlinear film
The total optical intensity on the sample is given by the sum of the forward propagating
and backward propagating (reflected) beam

S=1 ±1 I (3)

Without loss of generality. and for the sake of clarity, we will i Lnote the presence
of the lens. (The effect of including the lens is to introduce 3 geometrical factor and
will be discussed in a later section). In this case, the exit beam electric field at a
distance z from the nematic field is given by

-ikr' r E(O - 2irrr, -XEt r,,z i expukzexp f: E,(r 0 exp

S. (1.



where ro = (xo + v o) and r = (x2 + y2 ) and Jo is the zeroth-order Bessel Function. Theincident laser beari is assumed to be a Gaussian, and its electric field is given by

E0(r,0)= exp [ r2 i!r (5)

The output intensity at z is given by squaring both sides of equation (4) to give

Ro~)= 11 f dr rJo(2rrr/.z )exp( r21a1) 2zP it~~f~ 2R oeP~ .lf 2 ~lzl~
A

Notice from (6) that it is an integral equation for the intensity distribution I(r.z).
The possibility of bistable or multistab e intensity distribution is therefore obvious
It is not possible to get a closed-form solution for (I(r,z) from (6). We found that.
however, by making very reasonable approximations, we can convert equation (6) to a set of
very simple transcendental algebraic equations from which much insight about the bistable
operation can be gained. The approximation employed can be shown to be equivalent to the
lens approximation, and consist of the simple procedure of expanding I(ro.z) as well as
1 o and lb in the form S

I(r0 ,Z) 2n (7)

n= 0

and retaining only the first two terms. [We have shown in previous work that it is
possible to redo the problem by including all the terms for the forward propagating field
(corresponding to Io), but the result for ME bistable switching is not appreciably •
changed]. Following reference 2, we pet,

10
A0 = 12

2 ~~2I I 2nzlo d
4' - 2z + 2' 2zdR A, (8)

and. by introducing a unitless parameter u

u 2 k(i/2z+I/2R-2n2 10 d/-2 n2 dRmA,) (8a) 20 2

the solutions for Ao and A2 are given by the solution for u in the equation

BI - B2 u = (9

where

3z (i/2z+i/2R-2n 2 l0 d_ )
1= Rmn1d 6 k 4  ( 10). ,,.

m 2 0

and 0
44

8z (%1)
2  mRn210d k

Figure (2) is a plot of the function BI - B2 u (L.H.S. of (9). and l + u2
) 2  r.-

(R.H.S. of (9)). Where there are triple intersection points correspond to the bistable
switching region.

Discuss ion

Before we proceed to discuss the geometrical .significance and conditions deducihIle
from Figure (2), it is instructive to note here that aside from the expected dependunce
of Bj and B2 on z, and the radius of curvature R, both BI and B2 .re ectremel sensitiv
to the beam waist of the incoming laser beam. Bi 6 while B On the other
hand, the existence of the triple-value solutions from Figure 2 is clearly depenJnt an o
the value of BI and B2. This implies of course that transverse optic-l histabili.v Is P,
extremel> sensitive to the incoming laser heam waist Such a dependence is actual1ve "
experiLentally verified in our study of transverse optical bistabilit' in-olvlno a 'nem--t,
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liquid crystal film, and is expected to hold true too for other thin film with

nonlinearity of the form given in (1).

There is a similarity between Figure (2) and the usual Fabry-Perot optical bistability
treatment. Both involve solving for triple valued quantity from the intersettion of a
straight line and a bell-shaped function. The slope of the straight line is inversely
proportional to the optical intensity of the incoming beam. The difference in the present
case is that only one (as opposed to the usual Fabry-Perot, which involves infinite.
periodic) bell-shaped function is involved. Also, the intercept of the straight line
with the "u" axis also changes with the beam intensity.

Figure (2) allows one to deduce the geometrical conditions for, observing bistability.

When Io = 0, slope -B2 (denoted as m) is infinite, while the intercept (denoted as
Bx = BI/B2) is given by

Bx 2k ( z + 1- 2n 2 1 2 d/,; 2  (12)

Consider the case n2 > 0. If I is increased, then B will move towards u = 0. i e.
decreases, as shown in Figure 2 At the same time. te slope m will decrease in
magnitude (m is still negative). In order for triple-valued solution to occur, a
sufficient condition is that the magnitude of the slooe must be less than the maximum
magnitude of the tangent to the bell-shaped function on the positive u side. Let the
corresponding optical intensity be denoted Ic i.e.

m (Ic) > -1.04 (13)

where 1.04 is the maximum magnitude of the tangent to the bell-shaped function.

Correspondingly, the intercept is given by

bxc (Ic) = 1.12 (14)

A necessary condition for bistability is that b (I=0) > 1.12
From (14). we get x -

c k 2 +  1) - 1.12 .(15)_

And from (13), we get the sufficient condition for bistabilitv as

8z 4  (16)

Rm n2 d 8 k5(-I) [" ( I + 1 1.12 )

The square-bracket term in the denominator of (16) is positive by virtue of the fact that
b (1=0) > 1.12. From (16), we havex

1 30.8 Z4  2.24 - 1 (17)

M(. k) .. k Z

where Rm is the reflectivity of the feedback mirror.
Notice that nq cancels out exactly in the denominator of (16). The condition for optical
bistability ig independent of the-magnitude of n2 ! From (17), we see that transverse
optical bistability is clearly a geometrical effect, depending only on the geometrical %
parameter like z and R. Equally noteworthy is the extreme sensitivity of the condition
on the

For the case of negative nonlinearity (n2 >0). the same argument can be pursued in an
almoct mirror-image fashion of Figure 3. leading to the conditions

b- (I )  = 1.12 (18)x

m (1 c ) 1.04 (19)
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This gives 2
Ic- 1- 2W] (- + 1.1
21 [n 2 1 1kZ

and, finally, the sufficient condition for bistability is
-

1 30.8- 4  + 2.24 + - (20) %

Again, the condition is independent of the magnitude of n2 , although it does reflect the
sign of the n2  by imposing the requirement that the radius of curvature of the incoming
laser beam be negative.

In the presence of a lens between the thin film and the mirror, the analysis is
straightforward though lengthy. Following Reference 2. the solutions for the output
intensity (Ao and A2 ) can again be obtained by solving an equation of the form 2

BI  B 2 V = (I + V (21)

where

S. 2n 210 d ab
B!= 2b b4 1 6 n+dR 2R +2 + (22)

2I b IW 2 Rm 2z 2R ...

and D 4

B2 = 2bb41 8n dRmk  (23) %

2 2
and a k/2z - k/2R, b = (k/2z)2 and D 1 = b I - a, a (bI  (k/2zl)2 and a1 = k/2z 2 - k/2f).
Obviously ab/kD, appearing in BI is a purely geometrical quantity. The similarity
between the set of equation (21)-(23). and the set (9)-(11), not surprisingly, again leads
to conditions for bistability that are independent of the magnitude of n2 , and are
dependent only on the various geometrical factors. For n2 >0, we have, For example

4~
DI______ < 1.04 (24)

-b 1 b' fk (I~ + ± 1 h + 1.12]
R KD I

Although we have not conducted a thorough experimental investigation of how these
conditions are obeyed, the geometric parameters used in our experimental observation of
transverse bistability are within the prescribed conditions. We have deliberately
experimented with set-ups that fall outside the condition for bistability and have not
observed any switching. The preceding discussion also brings forth a hitherto neglected
consideration, namely, the nonlinear response of the thin film does not necessarily have
the same shape and/or width as the transverse dependence of the incident laser. Under c%,7
illumination, diffusion processes (in solid state material) or nonlocal long-range inter-
action (e.g. in liquid crystal) will in general broaden the response. It becomes critical
in view of the extreme dependence of the transverse bistabilitv on the laser beam width.
and the width of the response, therefore, to calculate exactly the transverse response of
the material when these diffusive types of processes are present. Work is currently
underway in this direction.

The theory as outlined above, and detailed in Reference 2, can >he applied in the
study of the effect of saturation, which has hitherto not been addrossed to in the case
of external or "weak" self focusing bistability. Saturation of the oatical nonlinearity,
can assume many forms, depending on the corresponding physical processes involved. It is
concommitant with the extraordinary large optical nonlinearity observed in materials like
nematic liquid crystal films (molecular reorientational nonlinearity), solid state
multi-quantum well structures (excitronic absorption) and sodium vao)ors (electronic
resonances).

We have investigated several forms of saturation behaviour and how they affect the %
transverse bistability switching process. One of the most commonLv occurring form is such %%k
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that the optically induced refractive index change is given as in Equation (1), but with
n2 replaced by an intensity dependent coefficient n2 (I).

) 2 n2 (25)

2 ( -T1Tr/-I

where Is is the saturation intensity. Details of our calculation are clearly outside the
scope of the present paper. It suffices to note here that one could proceed with the same
expansion procedure as outlined here and Reference 2 to obtain again two algebraic SA

equations for Ao and A2 (c.f. Equation (8). However, it is no longer possible to derive
simple explicit analytical expressions for the conditions for bistability operations.
Nevertheless, these algebraic equations can be very easily solved numerically. An inter-
esting theoretical result, which occurs at a small range of saturation intensity, is de-
picted in Figure 3. The calculation uses the geometrical Darameters similar to the set
used in the experimental observation described in Reference 2, with an assumed saturation
intensity Is value near the switch-up point. As clearly depicted in Figure 3, two very
closely bistability loops appear. The first loop occurs at a lower intensity, and is
almost identical to one obtained with (Is=,-). The second loop occurs right after the
switch-up point in the first loop, and the direction of switching is opposite to the
initial loop. As we emphasized earlier, the occurrence of these two [ --- loop holds
true only for a small range of Is . At other values of I the two bistability loops
either merge into one, or break up into one bistability loop and a unidirection "dip" at
the higher intensi - point.
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Figure Captions

Figure 1. Schematic of the experimental set up for observing transverse intensity
bistability. m: mirror; p: pinhole; NF: nonlinear thin film;
Z = 2 (Z$ + Z2 ), %

Figure 2. Plot of the functions BI-B2 u and (I+u2)-2. B. and Bxc are intercepts of %

BI-B u with the u-axis. m is the tangent to the bell-shaped function(1+u )-2.

Figure 3. Theoretical bistability output versus input plot for the on-axis region.

Fig.1

P

NF M

200

Ir..r .,. ~ ~ * . * ~ ~ * *

w~~~~ ~ '.%,A~fAd-



Fig. 2 Mt cl -- 1.04

(I + U2)1,,", B-BU

4.0-

Fig.3

3.0

0

1.0

10 20 30
inlWatts/cm71

20? a-

d n



J-QE/23/2/11726

%-

Probe Beam Amplification via Two- and Four-Wave
Mixings in a Nematic Liquid Crystal Film

S

I. C. Khoo
T. H. Liu

U.B

-i

~% *.

Reprinted from: IEEE JOURNAL OF QUANTUM ELECTRONICS, Vol. QE-23, No. 2, FEB. 1987.

itf~t~t ~ ' ft Iff- Itf - -I, -i



IEEE JOURNAL OF QUANTUM ELECTRONICS. VOL. QE-23, NO. 2. FEBRUARY 1987 171

Probe Beam Amplification Via Two- and Four-Wave Mixings in a Nematic
Liquid Crystal Film

IAM-CHOON KHOO AND T. H. LIU

Abstract-We have observed very large probe beam gain (up to 600 , BE A1
percent) in a thin film (100 pr) of nematic liquid crystal, for a low
pump beam intensity on the order of 2 W /cmz. The effect Is nonlin- y
early dependent on the pump intensity and the wave mixing angle.

PUMP ,BEAMl o

INTRODUCTION

TIHE EXTRAORDINARILY large orientational opti- -
cal nonlinearity of nematic liquid crystal has been PROBE BEAt! >- BEA:!

well-documented in the studies of several nonlinear opti-
cal processes [1]. Optical wave mixing effects, such as
wavefront conjugations (with coherent and partially co- HOMEOTROPICALLY ALIGNED LIQUID CRYSTAL FILM

herent light) and optical self-diffractions have been stud- (a)
ied by several workers. These studies are centered on the
index grating induced by a pump (or reference) and a
probe (or image) beam. Wavefront conjugation is ob- NEMATIC LIQUID

tained if the pump beam is retroreflected, and the gener- I 'c!YTAL

ated fourth wave transverses back along the probe beam. ,
On the other hand, the two incident beams can "self-dif- __,
fract" from the grating into beam 2 and 3 directions [as
shown in Fig. 1(a)]. An interesting effect arises in these
mixing effects when probe beam 1 is much weaker in in- 0.
tensity than pump beam 0. In that case, beam I can be
amplified (or diminished), depending on the beam cou- (b
pling between them. Fig. 1. (a) Schematic of optical self-diffractions in a nonlinear film in-

duced by the pump 0 and the probe 1 beams. (b) Schematic of lasers
In similar studies in other materials 121, such as BSO propagating through a homeotropically aligned nematic liquid crystal

and BaTiO3 , a r/2 phase shift between the refractive in- film.
dex grating and the optical intensity grating is induced.
This gives rise to a strong coupling between the two
beams, and amplifies beam 2 at the expense of beam I. If E, = Eeo + E2  (1)
the phase shift is vanishing, this coupling disappears. ye

In this letter, we report the observation of very large where c, is the extraordinary ray dielectric constant C is
probe beam amplification even under a zero phase shift he unperturbed value, et the nonlinearity coefficient, and
condition. The effect is attributed to a multiwave mixing E 2 is the square of the optical electric field. We had used
effect. By frequency shifting one of the beams, thereby Fig. I(b) as the interaction geometry; hence the use of the
creating a phase shift between the gratings, a two-wave extraordinary refractive index.
mixing effect is observed. The two-wave coupling en- In general, E2 contains dc, low-frequency ac, and high
hances (or diminish) the multiwave mixing produced (optical) frequency components if the film is subjected to
probe gain depending on the sign of the phase shift. a combination of several optical fields. However, since

Before we describe our experimental results we shall nematic responses are slow, only the dc and low-fre-
briefly go through the basic theories. Nematic films are quency components produce nonvanishing reorentation
Kern-like media. The optical dielectric constant may be responses. Consider the case where E is made up of thewritten in the form pump and probe beam and the first diffracted beam on the

side of the pump. The other diffracted beam is generallyManuscript received July 7. 1986; revised October 3. 1986. This work
was supported in part by the National Science Foundation under Grant very weak and plays a negligible role in these wave mix-
ECS8415387 and by the Air Force Office of Scientific Research under Con- ing processes, i.e.,
tract AFOSR, O375.

The authors are with the Department of Electrical Engineering. The E = E 0 + El + E2 (2)
Pennsylvania State University, University Park. PA 16802.
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= =(A (Z)e"(kF-)hl + C.C. 0, 1,2 (3) T

and the A's are the amplitudes of the plane optical waves. .

The intensity of the pump beam is much larger than that 4-
of the probe beam. In our experiment, the beam ratios
used range from 10:1 to 102:1

Putting (3) and (2) into (1), we get £ 4---

i Eo + AAte(due to dc terms in E2 ) 2 .

+ ! (AOAI* + A 2Ao*)ei 0+ 0

" (A A, + A0-Ao)e -
-

(
-'... 0-.:.-

000 .002 004 006 008 010

+ higher order grating terms (4) %

Angle (radiaa)

where k =o - k1 , and 0 is the phase shift between the Fig. 2. (a) Circles: experimentally observed probed beam gain as a func-
refractive index grating and the intensity grating. For a tion of the crossing angle of the pump and probe beams when there is no
Kerr medium like nematic liquid crystal film, 0 is zero. frequency shift between the beams. (b) Triangles: probe beam gain when

it is frequency down-shifted with respect to the pump beam frequencyFollowing the usual coupled wave approach, we get the showing an enhancement. (c) Squares: probe beam frequency upshifted,
following equations for the amplitudes Ajs', we get the gain is reduced.

_-_ = 1 A' + cos (5) are crossed at the nematic film, creating an intensity grat-
S4k, AAing in the y direction. The laser used is a linearly polar-

ized Ar + laser (5145A) and the pump and probe beams -.

8A _-- 1 (IAo1 2A + A2A)e -  (6) are obtained with the use ofa beam splitter and attenua- ..
az k, tors (placed on the probe beam). The liquid crystal used

2  is a homeotropically aligned PCB (Pentyl-cyano-bi-
=2 -i A A 2 A *7 phenyl) nematic film of thickness -200 ism. The twoJ (A0 Az + AaA )e"' (7) laser beams propagate in a plane that makes an angle •

where terms that are negligibly small are omitted. We with the director axis of the film [c.f. Fig. 1(b)]. The film
have also ignored the phase-mismatch because we are is maintained at room temperature (22 0C). The crossing
considering very thin cells (200 Am) and large grating angles 0 between the two beams are varied from about
constant (grating - 200 Am). In the usual treatment of 10- 3 to about 10-2 rad. The pump beam is about 240 times
two-wave mixing [3), the second terms on the RHS of intense than the probe beam. Other pump/probe beam
(5)-(6) and the diffracted beam A2 are neglected because ratios have also been used.
of phase mismatch (in a thick sample, for example). The In nematic films a previous study has shown that the
theory then shows that the coupling of A0 and A, (i.e., magnitude of the optically induced reorientations depend
exchange of their intensities) is vanishing if 0 = 0. In on the grating spacing as well as the film thickness 14]' ,4
medium where 41 is known to be vanishing, nonvanishing (d). Indeed, the reorientation is inversely proportional to
contribution to the energy exchanges between the beams (k2d2 + I), where k = Iko - i = 2/Xg (Xg: the
is via the multiwave mixing effects that properly include grating spacing) is the magnitude of the grating wave vec-
the second terms of the RHS of (5)-(7) and the role played tor. For optimum wave mixing efficiency, Xg should be
by A2. at least as large as d. This is experimentally observed be-

These equations are readily solved using numerical fore in our previous study of self-diffraction [3]. In the
methods. However, one can readily show that in the small present case, the probe beam gain is also sensitively de-
gain regime (and ignoring pump depletion) the gain in the pendent on the grating spacing (which is related to the
intensity of beam I (via the grating term A0 A*'), is pro- crossing angle 9 by
portional to the square of the intensity of the pump beam. Xo sin-' 0/2 .".
This square dependence of the four-wave mixing term is Xg- 2O
different from the (small-signal) linear dependence of the
two-wave mixing effect [via the first term on the RHS of where Xp is the optical wavelength). Fig. 2(a) is a plot .-. ,
(5)-(7)] on the pump intensity. We shall discuss our ex- of the probe beam gain as a function of the wave mixing
perimental results and our analysis. angle 0. At 0 = 10-' rad, there is hardly any gain. On

the other hand, a-fain (I./I,n) of 600 percent is ob-
EXPERIMENTS AND ANALYSIS served for 0 = 10- rd. The gain is observed at a pump

Fig. l(a) shows a schematic of the experimental setup. beam intensity of about 2 W /cm', and a probe beam in-
A strong pump beam and a relatively much weaker beam tensity that is 1 / 200 of the pump beam.

or 0 . I or , . , ... .. . . .. -. ." '



IEEE JOURNAL OF QUANTUM ELECTRONICS. VOL. QE-23. NO. 2. FEBRUARY 1987 173

Log (Cain) vs. Total Bss tt..ity (Bee ratio 240- ) positive frequency shifts, respectively, confirm this the-

1.2T 0 0 oretical expectation. The frequency shift 01 imparted on
,2 0 the probe beam is obtained by translating the mirror guid-I- ing the probe beam onto the film at a rate approximating

00 one optical wavelength per one relaxation time constant
,r. (Typical relaxation time of a 100 pm thick film is about
a few seconds.) From Fig. 2(b) and 2(c), we note that as

0 ] 00 much as 40 percent gain (3b) or loss (3c) from the non-
shifted value is created by this moving grating induced

G 0,50- two-wave coupling process.
a In conclusion, we have observed for the first time in-

0o25 ir~.teresting two- and multiwave mixings induced probe beam
0 amplification process. There are obvious details concern-
I ing these two processes such as theoretical solutions of

o .-- .- A1 the multiwave mixing equations, couplings between these
o02 o03 04 .05 o06 processes, effects of sample thickness, etc., that remain

Intensity (Arbitray Unit) to be thoroughly investigated. These problems, as well as
Fig. 3. Observed dependence of the probe beam gain as a function of the the possibility of applying this beam amplification process

pump beam intensity (pump: probe beam ratio is 240: 1). to ring oscillations 15) and image amplifications [61 with
visible and other type of laser sources (e.g., we have ini-

Following the theory of optical field-induced nematic tiated studies with CO2 lasers) are currently being inves-
axis reorientation, we expect the refractive and the inten- tigated and will be reported elsewhere.
sity gratings to coincide, i.e., no phase shifts between the ACKNOWLEDGMENT

two grating [31. The amplification of the probe beam can The technical assistance of R. R. Michael is appreci-
therefore be explained in terms of four-wave couplings. ated.
There are two possible routes (which we term four-wave ated.
mixing processes) ti-t scatter the pump beam into the
probe beam directions: one is via a grating formed by [I] See. for example. . C. Khoo and Y. R. Shen, "Liquid crystals: Non-

linear optical properties and processes," Opt. Eng., vol. 24, pp. 579-beam I and the diffracted beam 3, and the other is via a 585, 1985, and references therein; I.-C. Khoo. "Dynamic gratings and

grating formed by 0 and 2. The second one is predominant the associated self diffractions and wavefront conjugation processes in
since beam 0 intensity is much larger than beam 1, while nematic liquid crystals," IEEEJ. Quantum Electron., vol. QE-22, pp.sinebeam intensity is much larger thana f beam 3. w e 1268-1275. Aug. 1986.
beam 2 intensity is much larger than that of beam 3. t21 J. F. Huignard, H. Rajbenbach, P. Refregier, and L. Solymar, "Wave

In our experiment, both beams 2 and 3 are observed, mixing in photorefractive bismuth silicon oxide crystals and its appli-
and their intensities ratio (beam 2 : 3) is roughly the same cations," Opt. Eng., vol. 24, pp. 586-592, 1985; J. Feinberg, "Op-

tical phase conjugation in photorefractive materials," in Optical Phaseas beam 0: 1 ratio. As a result of these four-wave cou- Conjugation, R. A. Fisher, Ed. New York: Academic, 1983, ch. 11.
pling processes to'e gain of beam I [defined as In (trans- (31 See, for example, P. Yeh, "Exact solution of a nonlinear model of

mitted probe intensity / input probe)] is a highly nonlinear two-wave mixing in Kerr Media," J. Opt. Soc. Amer., vol. B3. pp.
747-750, 1986, for an interesting theoretical discussion.function of the input pump intensities, cf., Fig. 3. Beam (41 1. C. Khoo, "Reexamination of the theory and experimental results of

grows almost as fast as the 10 pump initially, which is optically induced molecular reorientation and nonlinear diffractions in
typical of the four-wave coupling gain. Amplification is nematic liquid crystals: Spatial frequency and temperature depen-

dence," Phys. Rev.. vol. A27, pp. 2747-2749, 1983.
not observed under conditions (e.g., low pump beam in- 151 See, for example, ). 0. White, M. Cronin-Golomb. B. Fisher, and A.
tensity and/or large wave mixing angle) where beam 2 Yario, "Coherent oscillation by self-induced gratings in the photore-
and 3 are not generated. fractive crystal BaTiO3 ." in Optical Phase Conjugation, R. A. Fisher,

Ed. New York: Academic, 1983. J. Feinberg and G. D. Bacher.To create a phase shift between the refractive index "Self-scanning of a continuous-wave dye laser having a phase-conju-
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with photorefractive Bi, 2SiOz2 amplifier," Opt. Lett., vol. 10, pp. 137-
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frequency shift ((2 = wl - w2 ) with respect to the pump 161 F. Laert, T. Tschudi. and J, Albers, "Coherent CW image amplifier
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Commun., vol. 47, pp. 387-390, 1983; J. Feinberg and R. W. Hell-
expect a positive gain contribution for -0 and a negative warth, "Phase-conjugating mirror with continuous-wave gain," Opt.
gain for +0. Fig. 2(b) and (c), obtained for negative and Lett., vol. 5, pp. 519-521. 1980.
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Simultaneous Occurrence of Phase Conjugation and
Pulse Shortening in Stimulated Scattering in Liquid

Crystal Mesophases
IAM-CHOON KHOO, SENIOR MEMBER, IEEE, ROBERT R. MICHAEL, JR., AND PEI-YANG YAN

Abstract-We have observed for the first time simultaneous occur- 8FV, SPLI 'ER

rence of phase conjugation and pulse shortening in stimulated back ,d' az LASER /

scattering of nanosecond laser pulses from thin film of smectic and ne- I - - - --

matic liquid crystals, and from thick samples of isotropic cholesterics.
* Aberration correction capability and high compression ratio are ob- I \EMATDc,'SMrT

tained. I OLIS :R'STAL
.O FAST HOT)OLIODE

AND SCOPE

TIMULATED backward scattering (Brillouin, Ra- (

man, Rayleigh Wing, etc.) as an efficient single-in-
put-wave phase conjugation process has received consid- BEAN SPLITTER

erable interest recently [I]. As first studied by Zel'dovich Nd:Y.g LASER /
et al. 12] in 1972, the effect took on a remarkable devel- L -- -

opment in 1980 in the study by Hon [31, who demon-
strated that the phase conjugated laser pulse is albu highly ,sn-,-, f

compressed. Recently, Rao et al. [41 have shown that CS

similar pulse compression can be achieved by stimulated
Brillouin scattering in the isotropic phase of cholesteric TO FAST PHOTODODE

liquid crystals. In their experiment, the sample was placed AND SCOPE

very far from the laser oscillator so that multiple or re- (b)

generative scattering and amplification of the backward Fig. 1. (a) Schematic of the experimental set up for studying stimulated
5. scattered pulses (which account for the highly compressed laser backscattering from smectic and nematic liquid crystal film. (b)

pul s iSchematic for laser backscattering from isotropic liquid crystal sample.',, pulses in Hon's study) were avoided.

In this paper, we report the observation of stimulated
Brillouin scattering from thin films of nematic and smec- 33.5-40.50 C. A thick (250 Am) hometropically aligned
tics or bulk samples of isotropic liquid crystals (choles- film is fabricated with surfactant treatment on the glass
terics) where both phase conjugation and pulse shorten- slides and by applying an aligning dc field on the sampleing occur simultaneously. Compression ratios as high as when it is cooling from the nemnatic to the smectic phase.

20 and correction of severe distortions by the phase con- The incident laser pulse is focused by a positive lens (fo-
jugation effect are observed. We have conducted experi- cal length = 20.5 cm) into the film from one of the open
ments with several liquid crystals. In some cases, there is side ends between the slides [as shown in Fig. l(a)].
evidence of interference effects from stimulated Raman For experiments involving the isotropic phase, we ob-
component. In the experimental results to be described tained very well defined phase conjugation and com-
below, the fundamental mechanism is attributed to stim- pressed pulses from bulk samples of the cholesteric (EM
ulated Brillouin scattering. chemicals, TM74-A), which has a cholesteric -. isotropic

For experiments involving the mesophases (i.e., ne- transition temperature 15.9°C. The liquid is placed in a
matic and smectic), the liquid crystal (4,4'-n-octyl-cy- 2.5 cm long area and maintained a! a room temperature
ano-biphenyl.OCB) is used. OCB is smectic (A) in the of 22°C. The laser pulse is focused by a 50 cm focal
temperature range 21.5-33.5°C and nematic in the range length lens into the cholesteric sample [Fig. l(b)i.

The laser pulses are from a Q-switched, frequency-dou-

Manuscript received March 30, 1987; revised April 20. 1987 This work bled Molectron Nd YAG laser hat is nearly Gaussian in
d was supported in part by the National Science Foundation under Grant transverse profile. The laser pulse in general contains one
ECS8415387 and in part by the U.S. Air Force Office of Scientific Re- strong mode and a much weaker second mode, but occa-
search under Contract AFOSR840375. sionally may contain two equally strong modes. Fig. 2(a)

N The authors are with the Department of Electrical Engineering, Penn-
sylvania State University, University Park. PA 16802, is a typical laser pulse, measuring about 20 ns FWHM.

% IEEE Log Number 8715386. The laser pulse energy is measured with a joulemeter and
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Fig. 2. Oscilloscope trace of a typical input laser pulse. Scale: 10 ns /div.

the backscattered light is monitored with a fast photo-
diode and a 400 MHz Tektronix storage scope. The laser-%
is linearly polarized and is focused onto the nematic
or smectic film with the polarization parallel to the direc-
tor axis of the sample.

For the nematic and smectic film, a visible backscat-
tered pulse (with an energy equal to about 1 percent of
the input energy) is observed at an incident laser energy
of 0.8 mJ (corresponding to a power of 40 kW). The es-
timated focal spot size of the laser at the entrance face of
the film is 4 x 10-4 cm2 (i.e., the laser pulse peak inten-

sity is about 100 MW/crn2 ). In spite of the severe aber- 0
ration created at the irregular entrance surface of the
smectic and nematic films, the backscattered laser appears
nice and round and closely resembles the unaberrated
laser. Fig. 3(a) is the reflection of the laser from the film
surface showing the distortion imposed on the laser upon (c)
its entrance to the film. On the other hand, Fig. 3(h) shows Aet
the phase conjugation beam (for nematic and smectic film. Fig. 3. (a) Photogaph of the reflected beam from the entrance lace of the

smectic film (detected at a distance of 2 m from the entrance lace). (b) %
the phase conjugated beam is surrounded with consider- Phase conjugated reflected bcam detected at the image plane. (c) Oscil-

able noisy background, but for cholesteric isotropic phase, loscope trace of the reflected phase conjugated pulse Time scale is 10 %

the phase conjugated signal is much clearer). The tem- ns/div.

poral dependence of the reflected pulse is depicted in Fig.
3(c), which shows that the laser is highly compressed. mm. That one could observe simultaneous phase conju- 0
The phase conjugated pulse has an FWHM of about 2 ns. gation and pulse shortening in these liquid crystal films is
At higher input energy ( > 6 mJ), the stimulated Brillouin simply due to the high gain arising from the high elec-
process is so strong that the liquid crystal at the entrance trostrictive constants of liquid crystals.
face is 'pitted' • away with a clearly audible click. At this Before we proceed any further to discuss the effects ob- .0
point, the back-reflected signal disappears. Almost iden- served in the isotropic phase, it is important to point out
tical observations (i.e., threshold power, phase conjuga- here that the type of "compression" observed in these
tion and shortening, etc.) are made in both the smectic studies is different from the so-called "true compression'"
and the nematic phase (obtained by warming the smectic observed in other studies involving very long interaction
film). We do not observe any "discontinuity" or unusual length (meters) 171. 181. In our studies involving nematic
features as the smectic -- nematic transition is passed. and smectic films, the gain length is estimated to be a few ,
This is consistent with our previous studies of high-fre- mm's, and the experiment in the isotropic phase to be de-
quency acoustic waves in nematic and smectic phase (51, scribed below involves a gain length of about 2 cm or .

[6]. The sound velocities and attenuation constants (or less. These "'compressed'" pulses may therefore be more
lifetimes) are essentially the same in both phases. Since properly called ''spikes' associated with transient slim-
the acoustic lifetimes in these films (nematic and smectic) ulated Brillouin scattering. At these input intensities
are on the order of 100 ns, the preceding observed phase ( 100 MW/cm2 ), our previous studies of the same ne-
conjugation and pulse shortening process is in a high gain matic and smectic films showed that there is considerable
transient regime. Because of the large attenuatioa (due to thermal buildup which may very well terminate these
spurious orientational fluctuation scatterings) of the ne- stimulated Brillouin scattering processes. What is inter-
matic and smectic film (typically about 25 dB,/cm for ne- esting in these studies is that even under these adverse
matic and 10 dB/cm for smecticL, the so-called gain almost uncontrollable conditions, the back-reflected beam
length in these films is not expected to be more than a few is "ery nicely phase conjugated.

',"-S
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Fig 4, oscilloscope trace of the backscattered stimulated beams from is- Fig 5 Highly distorted laser beam after its passage through an aberrator
otropic MBBA and PCB samples. sho, mg the presence oI both Brillouin betore the cholesteric sample
and Raman contribution. Scale' 10 ns 'dv

In the case of bulk isotropic liquid crystal, the observed the cholesteric is extremely viscous and highly correlated:
results depend on the particular liquid crystal used. We the observed laser-induced index change effects could be
have conducted experiments with isotropic nematic PCB due to a phase-transition form of critical expansion for
(pentyl-cyano-biphenyl). nematic MBBA (methoxy-ben- melting) as well as the electrostrictive mechanism. Mo-
zylidene-p-n-butylaniline). and cholesteric (EM chemi- lecular reorientations, which occur readily at these tem-
cals. TM74A). In PCB and MBBA. we tend to observe a peratures just above the transition point, are ruled out b.
backscattered pulse of temporal behavior depicted in Fig. results obtained with the use of circularly polarized light:
4. Such temporal behavior is due to a combination of we have observed similar pulse shortening and phase con-
stimulated Raman and Brillouin scatterings [41, and in jugation effects at similar laser energies for linearly and
general, we do not observe good phase conjugation. On circularly polarized input beams.
the other hand, the isotropic cholesteric (TM74A) con- In conclusion, we have observed for the first time the
sistently gives a very good phase conjugated beam (with simultaneous occurrence of phase conjugation and pulse
aberration correction capability) and a nicely compressed shortening in thin films of nematic and smectic films and
temporal form similar to Fig. 3(c). Fig. 5(a). for exam- in bulk isotropic cholesteric liquid crystals. In the latter
pie, show, how the beam is distorted after its passage case, we )btained a very good phase conjugated signal.
through an aberrator placed before the sample. On the Sine,, it is possible to fill a long hollow tubing with such
other hand, the stimulated reflected beam is practically isotropic materials, a much longer interaction length can
distortion free [cf. Fig. 3(b)]. In the experiment on cho- be achieved, thus requiring lower power and enabling true
lesteric. visible backscattered light is observed at an input pulse compression. Work along this line is currently un-
energy of I mJ. The beam size on the sample is on the derway.
order 1.3 x 10 - cm 2. (This corresponds to a threshold
pover of - 50 kW or an intensity of 4 MW/cm2.) The REFERENCES
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Transverse self-phase modulation and hi-tability in the
transmission of a laser beam through a nonlinear thin film
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We present a theoretical study with reference to experimental results, of transverse self-phase modulation effects in
the transmission ofa laser beam through a nonlinear thin film. The occurrence of interference rings, intensification /
or dimming of the on-axis beam intensity, and transverse optical bistability in the presence of a feedback can all be
sVstematicall% documented in terms of geometrical/optical parameter classifications. These studies provide fur-
ther insights and useful guides for experimental studies.

INTRODUCTION imparts an in tensity -dependent and transversely varying
phase shift to the beam. The intensity at a distance Z from

The distortions of a laser beam after its passage through a the film, i.e., at the observation plane, may be calculated by
nonlinear medium, in the form of self-focusing, self-defocus- using Kirchhoff's diffraction integral. Assuming that the
ing, self-trapping, beam breakups, spatial ring formations, incident laser beam is Gaussian, i.e., that it is at the entrance
etc., have been studied ever since lasers were invented. In plane of the nonlinear film, we have
thick media, the laser experiences severe amplitude and
phase distortions, and detailed analyses of the transmitted 2r
intensity have been rather complex and mostly numerical in !(aser) = I,, exp

nature.' Recently, with the discovery of highly nonlinear %'

materials in the form of thin films, the problem of calculat- where w is the beam waist and I,, is the on-axis intensity. A
ing the transmitted beam intensity takes on a much less straightforward application of Kirchhoff's diffraction inte-
complicated but nevertheless instructive form. In this case, gral yields the intensity distribution at the observation
the laser beam does not experience any appreciable loss or plane:
intensity modulation through the nonlinear film, and the -
transmitted intensity at the exit side of the nonlinear film I(r, Z) = I, rdrJ27rrr,/Z)
can be accurately calculated by assuming that the laser sim- kxz) *

ply acquires a nonlinear (i.e., intensity-dependent) trans- 0
(-2r- .verse spatial phase shift. This problem has been studied by x exp exp[-i(o) + 0M)I 1 (

various researchers in various contexts.2 ' ,c- /
The writing of this paper is motivated by our (and others')

recent work on optical switching2 and limiting effects5 due to where the diffractive phase o,, and the nonlinear- (intensity- t
the transverse nonlinear phase shift, the formation of spatial dependent phase 6, .are given, respectively. by
rings., and the relationship between these effects and trans- /r r \
verse optical bistabilitv.2 

4 The last-named phenomenon + +  )' t2)
occurs if part of the transmitted beam is reflected back onto 2 R

the nonlinear film to provide a feedback. We start by ana- / e,.

lvtically examining Kirchhoffrs diffraction integral and ONL = kn,dl,,exp- 2r (3)
identifying the key parameters governing the nonlinear dif- .
fraction process. This examination leads to some natural where - is the nonlinear refractive-index coefficient. k =

and physically meaningful grouping or classification of the 2-/'X. k is the optical wavelength. and d is the thickness of
phases involved in the process. We will show that this the nonlinear fil.
reexamination enables us to classify the transmitted intensi- Using the following definitions:
ties into distinct characteristics and to make direct connec-
tions with observed self-phase modulation effects (focusing, r c. 14a I
defocusing, rings. etc.) and transverse optical bistability. ', .

Some experimental results are also presented in support of, = .A .h

tne theoretical analysis. \z I

THEORY %\ :P

(onsider the transmission of a laser beam through a nonlin- -. - , d IhtI
ear thin film depicted schematically in Fig. 1. The film -w

o7 W% -3224 110 , -o 1 )plial. io % d Ai. r,-.
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Fig. 1. Schematic of a laser beam passing through a nonlinear thin -- - -

film (NL). P is the observation plane. A photodetector (not -,0 - --
shown) monitors the intensity at various locations. M is a partially
reflecting mirror to be used for providing feedback in transverse
optical bistability study. 3 -

C "(O 00 0 o 00 50 30

C, = 2Q + (4e) V

(a)
and

r, 
3 0 

-T-
r- , (4f)

Z tan O1)

we can rewrite Eq. (1) as 
.0

I(r, Z) = CJlo exp(-2y2 )y expl-i[C. exp(-2y) 0 -

/ ~ccS(o€(yi

+ CbVp"CN)y(5) Al1

ON-AXIS INTENSITY DISTRIBUTION
(CURVATURE AND GEOMETRIC DISTANCE - -----..

EFFECT) 0 050 00 50 230 ?5 -

There are a few important features that we can note here V

before we proceed with a numerical solution of Eq. (5). (b)

Because of the appearance of f(y) = y exp(-y 2) in the inte-
grand, the integration rapidly converges for y > 2.5 or so.
The single most important factor in the integral value is the 20

phase factor

O(y) = C, exp(-2y2 ) + C,. '2  (6) " ,

in the range of integration (y = 0 toy 2.5).
Consider, for example, the on-axis intensity [i.e., 6 = 0, C ._ i

J(6) = 11. If the value of 0(y) remains fairly constant (i.e., if 0-- cos,,,,,,. _
do/dv is small in the region y 0.25-1.5), then the integral
for I(rl = 0, Z) will give a large value.

The essence of our observations after several numerical
computations and analyses lead us to discuss the problem -,0 - %
(and. in a way, to classify the intensity distributions) in %
terms of the relative and absolute magnitudes of C. and Ch. %

Since C,, depends on n and on a postive variable 1,,, it can -o0 ,,- ... ... .. .

assume either positive in, > 0) or negative (n,_ < 0) values. 0 050 . . . . .. n
We shall discuss the (n2 > 0) case in detail: the correspond- ,
ing In, < 0) case will be obvious.

For In, > I)). consider the following three cases corre- (C)

sponding t typical values of I, at which diffraction rings are Fig. 2. (al Plot o ., o d=l d,. and cso ao a tu tion ot t,,r N
observed: ranging tr m I) to :1. o) r (" = I-,. C. = -4. %here C, and C, are

detined in Eqs. 1 i Ph ) lt t .:. mid ii= -,: as a tinctin t hr
(case a) C = 15. C = -4. (7a) iae )Iin Eqs. 7i lIhtt.:. ,:.andc-,.t<,rcase iIn F41-, 17)i

9,

A.j
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(case b) C,, = 15, Ch = 4, (7b)

(case c) Cd = 15, Ch = 0. (7c)

The parameters used in Eqs. G) are w = 0.03 cm, Z = 42.2 -

cm, R = 17.5 cm, and X = 0.51 gm. Figure 2(a) [correspond-
ing to ease (a)] shows that throughout the integration range (

that matters, cos p is an oscillatory function and the inte- - - - ... .

grand gives a very small value for 1(0, Z). - - -".- "
Figure 2(b) [corresponding to case (b)j shows a plot of the . .7

phase factor 0 as a function ofy from 0 to 3.00. In the region__ .
y - 0.7-1.4 [which also corresponds to the region where the . .

function f(y) in the integrand assumes large valuesj, cos ( - - -

remains fairly constant (no oscillation). The integrand thus -.

gives a large value for 1(0, Z).
A so-called intermediate region is the case described by I ,

Eqs. (7c). In this case, one notes that for y > 1.0. cos p is
almost constant. Thus the integrand will also give a large -
value for the on-axis intensity 1(0, Z). (a)

In setting C. = 15, we have, of course, chosen a value for
ff.,d, la (i.e., the intensity I0). Obviously, the intensity 1, 2 -

varies from 0 to some finite value. However, the above -,

conclusions regarding the behavior of the on-axis intensity ,
l(r = 0, Z) as a function of the sign and the magnitude of Ch . I ,

remain valid for general values of I [where the intensity-
dependent 0(y) is significant]. In other words, for n 2 >0, in , i .
general, under conditions when Ch is positive, one gets a N
bright central region in the far-field intensity distribution. '"

If Ch is negative, then the on-axis region will be darkened.... ,' I

From Eq. (4e) for C, we note that since w and X are fixed, .

the sign and the magnitude of C obviously depend on the _. .

sign and the magnitude of R, and on the magnitude of Z,
through their combined effect in the factor (1IZ + 1/R).
These curvature (R) and distance (Z) effects have also been -I.. '

recognized in previous work, although we emphasize here C
the fact that Z and R must be considered together. In other
words, it is incomplete and could be misleading to classify Si: ,
the transmitted intensity distribution due to positive or (b)
negative radii of curvature, since for either position or for
negative values of R there exists a range of physically acces-
sible values of Z that will make the factor (11Z + 1/R)
positive.

The conclusions to be drawn in the case of negative n,) are . -... .

almost the mirror image of the cases described in Eqs. (7). . . - - .. --

Concisely stated, we have the following: i..-

,~ ~~~. <. 0. . __.

C5  = -15. Ch = -4 (bright on-axis intensity), (7a'). _ ,

C" = -1,5, Ch = 4 (dark on-axis intensity), (7b') - ..- "pp

C, = -15, C6 -- 0 (transition region). (7c') r_

RADIAL INTENSITY DISTRIBUTION -

The profound effects of the phase factor 0(v) on the on-axis
intensity are also reflected in the radial intensity distrib- 'I "

tion. The effects become apparent when C,, (which depends (c)

on the incident intensity 1 ) assumes a value of the order of Fig. .1. a) lih,t of the rail intensilv d strihutiunit s of ,. as
or greater than 21r. In that case, there is a phase shift of a tEIi tin io increasine inpl mensitv (rrtspnding to case i at in

more than 2r experienced by the central portion of the beam iren II'li itt r te dist iots a tot ofini-rea..ing minpt intetisitt ior case 0)i tit Eiji, C. (c) Plot it the
compared with the wing portion. Since these two portions radial intensity (list rihut, i a it ttll I',T increasing in put inten-

could have the same propagation constant. they ciould there- it% t,,ri ase in E(4, 171

%
%~1~*
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fore produce interference effects in the transmitted radial and for Cb > 0, the overall pattern tends to be more like that
intensity pattern. Following the analysis in the preceding of case (b).
sections, we expect that these radial dependences will be With the use of highly nonlinear thin films such as nemat-
quite different for various combinations of the values of C, ic liquid-crystal films, these theoretical results can be ex-
ana Cb. Again, we can classify the intensity distributions in perimentally verified. For a nematic film and a laser-beam
accordance with the three cases defined in Eqs. (7) [or in interaction geometry as depicted in the insert in Fig. 4, the
Eqs. (7') if we deal with negative ri2l. nonlinearity n., arises from the reorientation of the liquid-

For case (a), the intensity distribution is Gaussian at low crystal director axis by the optical field. For a laser-beam
incident intensity, as depicted in Fig. 3(a). As the incident size (w) much greater than the film thickness, the response of
intensity is increased, the power from the central region the medium to a Gaussian laser beam is approximately
appears to be pushed out into the wing region; the whole Gaussian.8 For typical values of the film used (d - 100 im,

distribution assumes a doughnut form, with the central in- 3 - 22*, A( - 0.8), n, - 10-4 cm 2 W-1. Figures 4(a) and 4(b)
tensity progressively suppressed. A further increase in the are the transmitted intensity distribution corresponding to
incident intensity shows that the central intensity begins to cases (a) and (b) [as defined in Eqs. (7)1, respectively.
rise slightly and a second ring is pushed out. Relative to the For Fig. 4(a), the radius of curvature of the laser (Ar +

value of the first peak, the central intensity is always lower, 5145-A line, w = 0.3 mm) R is -100 cm and Z = 200 cm (i.e..
and thus one may say that, for this case, the intensity distri- 11Z + 1/R = -1/200 cm - 1). The intensity pattern coincides
bution is characterized (at high incident intensity Io) by a with the theoretical one discussed in the preceding section.
dark central region surrounded by rings. On the other hand, Fig. 4(b) [obtained by translating the

For case (b), the intensity distribution (at high incident sample to a plane where the radius of curvature R = 400 cm,
intensity I0) is characterized by a bright central region and Z = 400 cm (i.e., i/Z + 1/R = 1/200 cm-)] depicts the
(which oscillates as a function of the incident intensity, but intensity distribution typical of case (b) described above.
the oscillation minima are relatively bright). More and We have not included here a detailed analysis of the num-
more rings appear on the wing as I0 is increased. ber of rings appearing as a function of intensity in view of the

Case (c) (for Cb =0) appears to be a mixture of cases (a) work by Santamato and Shen . These authors discuss the
and (b), and we can thus classify it as a transition region. problem (for =-0 in a nematic film) of these ring formations
The central spot appears bright or dark (i.e., the minimum is on the basis of the curvature (R) effect alone. As our pre-
quite pronounced) asIo is increased. For Cb < 0, the overall ceding discussion shows, it is more appropriate to consider
pattern (not shown) tends to be more like that of case (a), the problem by considering Z and R together through the

(b)

/•
nernatic s Fig4. a) ExperimentalIv Ib)served tar -tield h(iiteit di tr ti,s des , a laser beam after its passage through a nonlinear thin film tor
liquid case-ia(letined in E<1s. i .i. i.e-., hr I + R, < oV The insert hs

the e! metr , ot the laser p iarizatini with respect t the nemat ic
crystal fil dires-tur axsis itt a hometrowpcalkv aligned nematic film. h

Experimental, ubsered tar-lield intensifv tor conditiots curre
(a) .pmiding ti that detinel in case hbi in qIs. 1T. i.e.. I Z + I H > ii,

F' %I "",",.."
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factor l/Z + /R in Ch. For the radius of curvature R -200 U - w2 k(1/2Z + 1/2R - 2n,,,d/w- - n-,dR,,A,), (14)

cm used in Fig. 4(a), one can move the observation plan to Z
= 200/3 cm. In that case, even though R is negative, 1/Z + and

I/R gives 1/100, and we observed an intensity distribution A0 =

resembling that of Fig. 4(b) rather than Fig. 4(a).

RELATION TO TRANSVERSE BISTABILITY 4Z2 (Wk - 2+ 1/2Z + 1/2R - - , - n .dRA

The major role that the diffraction geometrical factor Ch (\5)
plays in the transverse self-phase modulation processes is
also manifested in transverse optical bistability, which oc- The analysis for the switching condition is most easily done
curs if part of the transmitted intensity is reflected back by solving for U in Eq. (11) by graphic means. Figure 5
onto the nonlinear film.3 In that case, the nonlinear phase shows a plot of the functions B, - B2.T and (1 + ) It is
PNI. in Eq. (3) contains an additional term that depends on obvious that, starting with I = 0, the straight-line function
the reflectivity RC, of the mirror, i.e., we have NI. - NI.', will begin to acquire a smaller negative slope, while its inter-
where (NI.' is given by cept will move toward the left. In order for triple-valued

o22 -solutions for 1! (and therefore for A) and A,) to occur, a

.Nl= kn,,d[Io exp 2 + R,,I(r , Z) (8) sufficient condition is that the magnitude of the slope of B-
L ) - BU T(which is negative) be less than the maximum magni-

where, for convenience, we have assumed that the mirror is tude of the tangent (n) to the hell-shaped function on thewhre fr oneiece w hv asuedthtth mrrr s positive-U side. Suppose that this occurs at an optical in-

placed halfway between the film and the observation plane. tensity I, i.e., that the sufficient condition is

Given Eqs. (1) and (8), one can see that l(rI, Z) is a function t

of an integral involving itself and may therefore contain m(,) >- .04, (16)
multiple solutions. From a more physical point of view, the
mirror partially images (for R * 1) the transmitted intensity where 1.04 is the maximum magnitude of the tangent to the

distribution I(ri, Z) onto the film. For the reflected part to function (1 + Lr)-
2 . Correspondingly, the intercept b, of

reinforce the phase shift caused by the Gaussian laser beam B, - B.,U with the U axis is given by

on the film, the intensity must also be of a similar type of b,(, ) = 1.12. (17)
distribution, i.e., the central portion must be bright and
remain bright at higher intensity. This would occur if the From Eq. (17) we get
geometrical condition described by Ch were such that CI / ] I
were positive, i.e., l, = n + ) -1.12 • (181

.2( 1 +1\ . 9
X Z+ R>0.( Notethat, at! = (,(l 0) >1.12forEq. (17) tobeobeyed.

This means that the term inside the square brackets on the
To get a quantitative expression for the geometrical rela- right-hand side of Eq. (18) must be positive. Inequality(16 -

tionship, we shall reexamine here the switching conditions states this more precisely.
for transverse bistability. Following the theoretical devel- From inequality (16) we get the sufficient condition for
opment of Ref. 3, the transmitted intensity distribution I(r,, bistability as
Z), as well as the incident intensity, is expanded in a series
tRRrin: [l+ l\] 1k > I?0"Z + 2.24 119)L \R z/J ?,, (tckI

1(r,, Z) = V (- l)"A.,,r 2 " (10) or

We will consider only the first two terms in the expansion.
Our previous 7tudv has shown that one can include all the M (1,) z 1.04 %,

terms in the incident intensity, i.e.. a complete Gaussian
function, but the results for switching behavior and condi-
tion are not appreciably different. We make this two-term
approximation here for siml)licitv of presentation. The so-
lutions for f,. and 42 are found by solving the equations

where B B, - Bu 

8:'( I1'2Z + 1/21? -2 ,d/,,2 )  (1 + U 1)"0

( = .12) 10

( 13) BC B, U

V* .. J.. Y.

Z V
5

. f'( -M
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1 \ 15.4Z' 7r- I 1 [0 r.96 (Z\ 1 4R + I > , +1.1 + 1.12 (for n., < 0), A,

R (w~k)4  
AtR ZI [rm Z.

(22)
> 0. (20) Notice hute that these conditions for bistahility are strictly

geometrical and are independent of the value for n.,. Bista-
Comparing condition (20) with condition (19), which is ob- bility does depend on the mirror reflectivity R,,.
tained by our self-phase modulation diffraction theory, we
see that inequality (20) confirms our assertions exactly. CONCLUSION
Furthermore, the right-hand side of inequality (20) (for a
given Z, X, w, and Rm) provides us with a numerical value We have studied the problem of the transmitted transverse
(positive) for the geometry whereby transverse bistability is intensity distribution of a Gaussian laser beam after its
expected. passage through a nonlinear thin film. We found that, for

We mention that, for the negative n, case, the conditions both positive and negative nonlinearities, one can group
for the intensity distribution are almost mirror images of the together the geometrical/optical parameters involved into
positive n., case. One can proceed in an analogous fashion three distinct classes. These classifications allow us to gain
and derive the condition for transverse bistability to occur further insights into the conditions for transverse optical
and obtain the condition (n,, < 0) bistability. Most of these conclusions are quite general in

nature and may provide a good guide for experimental stud-
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PROBE BEAM AMPLIFICATION VIA TWO AND FOUR WAVE
MIXING IN A KERR-LIKE (LIQUID CRYSTAL)

MEDIUM

I. C. Khoo and T. H. Liu

The Pennsylvania State University
Department of Electrical Engineering

University Park, PA 16802

Abstract

Probe beam amplification in a Kerr-like medium, e.g. a
nematic liquid crystal film via 2-wave mixing is possible 0
if it is stoke shifted relative to the pump beam. We
report experiment observation of this effect and
contribution from other multi-wave mixing effects.

Introduction

Two wave mixings, which were observed as early as the
60's by several workers, have received considerable renewed
interests recently. In particular, for photorefractive
materials where the medium responses are nonlocal (i.e. the
refractive index grating is shifted relative to the
intensity grating formed by the two incident light), these
weak beam amplification effects have led to several
interesting applications. For Kerr-like medium, i.e.
where there is no phase shift between these two gratings,
the gain of the weak beam via two wave mixing process can
be achieved if a small frequency shift is imparted on the
weak beam relative to the strong pump beam. As analyzed by
Yeh I recently, for a Kerr medium, the complex phase shift
imparted on the refractive index grating is related to the
frequency shift 0 by

= -tan -l Qt (1)

where T is the relaxation time of the medium. The
frequency shift * appears in the coupled wave equations for ,

the amplitudes A1 and A2 of two laser beams in a typical
pump probe experiment set up.
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3A 1  -iw 2n~ e -ix 2
I~ A A,(2)

3- 2k c 2 2 A
aA2  -iw2 nnne- A A (3) v .

3 2kc 21 A2

where z is the direction of propagation of the wave, k is
the propagation constant along z, w is the frequency of the
light, no is refractive index of the medium in the absence
of optical field interactions, and n2 is the nonlinearity
coefficient. An exact solution of equation (2) and (3)
shows that for 4=O, no gain or loss mechanism is possible.

In our experiment, the strong and a much weaker probe
beams are derived from a linearly polarized Ar+ laser (51 45
A line). The liquid crystal used is a hometropically
aligned PCB (Pentyl-cyano-biphenyl) nematic film of 200wn
thick. The lasers propagate at an angle 8 relative to the
nematic axis. The film is maintained at room temperature
(220C). The crossing angle between the two lasers are

varied from about 1/300 to 10-2 radians. Frequency
shifting of the probe beam is achieved by translating a
mirror that directs the beam to the sample at a rate of one
optical wavelength/sec 2 .

Figures la-c summarize some of the experimental
results, obtained for a pump to probe beam ratio of about
200:1. The laser beam size is about 3mm 2 , and the pump S
power is about 35mWatt.

At a crossing angle of 0.007 radian, for example, one
notes that the probe beam experiences no gain (circle). N
When the probe frequency is downshifted, there i3 a gain
(triangle). On the other hand, if the probe beam is
frequency upshifted, It experiences a loss (square). A
measurement of the probe gain at this crossing angle also
shows that the gain is an increasing function of the pump:
probe beam ratio m, reaching a "saturated" value at m-l00.

What is interesting about figures lb is that at
smaller crossing angle, the probe beam experiences a large
gain even without the frequency shift. We attribute this
gain as arising from four wave mixing process involving the
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scattering of the pump beam (into the probe beam direction)
from a grating formed by the pump beam with the diffracted
beam on the side of the pump beam. Our experimental result
shows that imparting a negative frequency shift to the
probe further enhances this gain while a positive frequency
shift causes loss.

The overall dependence of the gain on the wave mixing
angle is also consistent with our earlier theory and
observation that increasing the wave mixing angle, i.e.
smaller grating constant will diminish the molecular
reorientational responsel. This is due to the fact that
molecules situated at the intensity minima will create
torques on molecules at the intensity maxima that reorient
with respect to the field. Maximal response is obtained
for grating constant on the order of, or larger than the
nematic film thickness.

A complete detailed account of the theory and
experiments will te oresented in a longer article
elsewhere.

This research is supported by a grant from the
National Science Foundation ECS8415387 and in part by the
Air Force Office of Scientific Research AFOSR840375. %
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Figures

Figure la Triangles.observed probe beam gain as a
function of the wave mixing angle when
frequency downshifted. ',.-

Figure lb Same as la, but no frequency shift.

Figure lc With positive probe beam frequency shift.
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We present the results of a detailed study of degenerate multiwave mixing mediated 4

nanosecond 1.06 pm pulse amplification in silicon, taking into account higher order diffracted
beams, self-phase modulation, pump depletions, intensity-dependent absorption losses,
electron-hole plasma attenuation, and other geometrical optical parameters. Excellent
agreements between theory and experiment are obtained.

Degenerate optical wave mixings in highly nonlinear by accurately accounting for the dominant processes under
media such as photorefractive crystals, semiconductors, liq- 1.06-um nanosecond laser pulses in Si. For laser pulses
uid crystals, and organic materials have been vigorously shorter than the diffusion and recombination times of the
studied in the past few years.' - Among the various optical photogenerated carriers (via indirect valence- to conduc-
processes that are of fundamental and applied importance. tion-band transitions by the 1.06 pm radiation), the carrier
phase conjugation and amplification of a probe beam have concentration N(t) is related to the optical intensity I(t) by _

been well studied. Recently, we have shown that in highly aN(t) a( T) l(t),
nonlinear materials, the coupling between the pump and the t t (1)
diffracted beams could give rise to substantial amplification w a ) h r ptan i s
of the probe beam," using liquid crystal as the nonlinear where a(T) is the linear absorption constant (which is tern-
material. perature dependent). From the Drude model,' 2 ' 1 the %

mateial.change in refractive index is then given by
In this letter, we apply our multiwave mixing theory to c

the nanosecond time scale in the semiconductor, where a In -eart(t) (2)
fairly large Kerr-like nonlinearity can be induced by near- 4nm,,1-t).w
band-gap excitation with 1.06 pm laser pulses. Our theory One refinement that can be made to this estimate for An is to
explicitly and self-consistently accounts for several physical account for the temperature rise and the free-carrier absorp-
processes that have hitherto been overlooked or unaccount- liono,.. The temperature Tiscdescribed by theequation (for
ed for in other theories. .,. As a result, new theoretical per- short pulse)md
spectives on the wave mixing process are gained, and better shrtpuse
agreements with theory are obtained. C. 11.. hT (T)(t)I(t), (3)

Figure I is a schematic of the wave mixing geometry. A at = T t,
pump (E, ) and a probe (E,) beam, coherent with respect to where C is the heat capacity per unit volume. As a result of ..

each other, are crossed on the nonlinear material, creating these temperature dependences of the various parameters,
an intensity grating. For simplicity, both beams are linearly and the dependence of the temperature on the optical inten-
polarized, with their polarizations parallel to each other. In sity, which in turn depends on these parameters. Eqs. ( I )-
silicon, the nonlinearity is isotropic and Kerr-like, so that (3) must be solved in a self-consistent manner, together with
degenerate wave mixing mediated probe amplification will the coupled multiwave mixing equations (of Ref Q). Details
occur predominantly via the pump-diffracted (E,) beam of this rather lengthy and involved computation will be pre-
coupling. For crossing angles that are small (i.e., the phase sented in a longer article elsewhere. In this letter, we will
mismatch is small), and using a relatively thin sample (in report some of the important theoretical results pertaining to
our case a 500-pam Si wafer), higher order diffracted beams our cxperimental results. . . -

(two orders or more) are generated. In the limit when the
probe beam is weak compared to the pump (pump to probe
ratio > 20), the diffracted beams can be substantial com-
pared to the probe, leading to substantial probe beam ampli- MtLTI WA E \IiXIN("

fication, and higher order diffracted beams that are of com-
parable intensity to the probe.

As a first-order approximation toward a more accurate -,
description of the process, therefore, one has to account for
all these diffracted beams and their interplays. A theory' _-

taking into account up to second-order diffracted beams has 1: - -
been developed for a general nonlinear medium, which takes
into account these multiwave coupling effects, the intensity-
dependent phase shifts experienced by all the beams, tihe
phase mismatches, and interaction lengths. FIG I Schemauc of pump-probe generated iulttv.t,ei.eifi\Ig, i , 1001llll-

The second-order degree of accuracy may be achieved ear medium,
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In our study of pulse amplification, we found that the wafer under the followingexperimentalconditions [Sithick-
free-carrier absorption is particularly detrimental to the am- ness = 500,m; incident lasers arep polarized and incident
plification process at the high end of the range of pump in- at the Brewster angle (about 600) of the Si wafer; refractive
tensity used in the experiment (up to 8 MW/cm2 ). Figures index of Si = 3.56; crossing angles between the probe and
2(a)-2(c) show the theoretically calculated atteauations of pump beams are varied from 15 x 10 1 to 45 X 10 ' rad;
the pump beam in traversing a 500-pm-thick Si wafer for the pulse duration r = 20 ns; pump to probe beam ratio of
experimental conditions: (pulse length r = 20 ns; A = 1.06 4500]. The laser pulses are obtained from a passively Q-
pum; initial temperature T= 300 K). The linear absorption switched single longitudinal mode (SLM) Nd-YAG laser.
constant a is 10 cm I. Figure 2(a) shows the transmitted Data are recorded with a Tektronix R7912 transient wave-,
beam intensity if only the linear absorption is taken into ac- form digitizer and analyzed only for good SLM operation.
count-a constant 80% loss for any input pump power. On The nearly Gaussian in space and time laser pulses are de-
the other hand, by accounting for the temperature depen- tected by monitoring both the pulse energies and peak inten-
dences in both a( T) and or,,, (T), we obtain Figs. 2(b) and sity. For comparison with tneories, we use the data for the
2 (c). Figure 2 (b) shows the dependence of the transmitted peak intensity.
peak intensity 1(t) on the input intensity. It shows that be- Figures 3(a) and 3(b) are typical transient waveform
yond an input intensity of about 3 MW/cm2 , the transmitted digitizer traces. The upper trace [ 3 (a) ] is the probe pulse in
intensity actually begins to drop quite dramatically due to the absence of pump, while the lower trace [ 3 (b) ] is when
the free-carrier absorption. A less dramatic effect is seen if the pump is present. An amplification of the peak intensity
the total transmitted power is monitored [cf. Fig. 2 (c)] (in- by a factor of 6 is obtained. Figure 4 (circles) depicts a typi-
tegrated over the laser beam width). This is understandable cal observed probe beam gain dependence on the input pump
since the central portion of the laser suffers greater plasma intensity, where the gain as defined by probe (presence of
attenuation.' Nevertheless, the transmission curve in Fig. pump) - probe (no pump)J/probe (no pump)]. The
2(c) also shows "saturation" behavior at about 8 MW/cm 2  crossing angle (in air) between the pump and the probe is
input beyond which the transmission begins to drop off. Ex- 0.024 rad: this translates to a grating constant A of 44 pm.
perimentally, this intensity dependence manifests itself in Using the value of diffusion constant D- 19 cm/s.'2 the
the appearance ofa d,rkened central spot in the transmitted grating diffusion time constant r, (7, = A2/D) is 25 ns. Us-
laser pulse at high intensity (around 3 ing these values, as well as the parameters (m,, = 0. 16 rn, :
MW/cm" .' " In Ref. 14, the transmitted integrated and peak n = 3.56; heat capacity C = 0.7 J/g K, initial temperature
intensity dependences on the input intensity were also ex- T = 300 K), the theoretical curve [Figure 4(b) solid line]
perimentally verified, based on the theory outlined above is obtained. It shows a

We have studied several effects associated with the very good agreement with the experimental results. From
m, Itiwave mixing effects, and the experimentally observed the theoretical curve [4(b) J, a value of n. = 2 x 10 '2 S1
da'ta are in good agreement with the theory outlined above, units is extracted. Converting to the usual CGS units quoted
Sp,cifically. we have studied the probe amplification in a Si in the literature, we obtained a _ - 4.4 ,- 10 esu.

which is very close to values obtained by other studies. '

Figure 4(b) also shows that the "saturation" in the
multiwave mixing gain occurs at an input intensity of about

.. .. .. .(a ) ,

b

~'

(b)

Fl6 2 a I Plot ot tran',mitted llten,t, , input letei,,il,, a,,urlring linear
absorption. sholng a constant transrmI.io i 6()' 1h , Plot ofthe toe- FII( a I Osclllolscorpe trace ; l"It anlllet rhe be.1i1111thi Ill l 'lt a t -. It

grated transmission %\ the input ntenitv ('I Plot oItthe peak central trans- of the pump beam (h ( cilltscope tracc I, III, I rninti r ),.ht* ili

mission ,s the input intensit the presence of the pump beam
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FIG. 4. (circles) Experimentally observed probe beam peak intensity gain FIG Circles are experimentally obsersed probe gain as a function (f the
as a function of the input beam intensity. (b) Theoretical fit using the
multiwave mixing theory described in the text. (c) Theoretical curve based pump to probe beam ratio. Solid line is the theoretical fit.

on usual degenerate four-waie mixing theory alone.

the probe beam and must be properly accounted for in the
theory. Details of these experimental results and their corre-

6 MW/cm2 . On the other hand, Fig. 4(c) is a theoretical sponding theoretical analysis will be reported in a longercurve calculated without accounting for the free-carrier ab- article elsewhere. In this letter, we have shown that it is pos-

sorption, and it shows large deviation from the experimental sible to obtain substantial probe beam gain via this pump-
results at high pump intensities. Saturation behavior in de- diffracted beam coupling, and good agreement with our de-
generate four-wave mixings in other semiconductors has tailed multiwave mixing theory. Extension of our theory and
also been observed by others.'" However, in these studies, experiment to the picosecond time scale and other nonlinear
the effects of the diffracted beams in the multiwave mixings semiconductor materials is also possible.
leading to probe beam gain were not included. In our study, This research is supported in part by the National
the probe beam gain is due mainly to the pump-diffracted Science Foundation ECS 8415387 and the Air Force Office
beam coupliig and saturation behavior can come from the of Scientific Research AFOSR 840375. We acknowledge the
pump laser induced electron-hole plasma formation, and/or help of T. H. Liu in some computational assistance.
the multiwave coupling effects (cf. Ref. 9).
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NONLINEAR OPTICAL PROCESSES AND APPLICATIONS IN THE

INFRARED WITH NEMATIC LIQUID CRYSTALS

I. C. Khoo

Department of Electrical Engineering
The Pennsylvania State University
University Park, PA 16802

ARSTRACT

Nematic liquid crystal films possess several unique characteristics
for applications in optical wave mixings and beam amplifications in the
infrared spectral region. We present new theoretical understandings of
optical multiwave mixing and beam amplifications in nematic liquid
crystal films. Low power laser beams, with intensities of the order of
a few Watts/cm 2 , are found to be sufficient to generate large useful
effects, in conjLction with the director axis reorientational and
thermal nonlinear-ties.

INTRODUCTION

The unique characteristics of nematic liquid crystals1 nd nematic-
cholesteric 2 mixtures for infrared applications have been recognized and
applied in several electro-optical switching and modulation devices.
They are relatively transparent in the infrared; they possess large
birefringence ( n = 0.2), and large operating temperature range (-20 0C
to 110 0C) nematics are readily available commercially, and larger
temperature ranges can be achieved with suitable mixtures. This is in
addition to their well established fabrication technique, stability and
low cost.

Nematic liquid crystals are also potentially excellent candidates
for nonlinear optical processes. In addition to the characteristics
mentioned above, they naturally possess two mechanisms for strong
optical nonlinearities, namely, the director axis reorlentational
nonlinearity 3 and their large thermal index gradients near the phase
transition temperature Tc . In conjunction with visible lasers, these
nonlinearities have been successfully utilized in a myriad of optical
processes including bistability, switching, phase conjugation,
stimulated scatterings, etc. 5  In some of these processes, for example,
self-diffraction and beam amplifications 7 , it was theoretically and
experimentally shown that the efficiency of the process (via
orientational nonlinearity) is critically dependent on the grating
spacing; the efficiency increased tremendously with the increase in
grating constant. With visible lasers, larger grating constants require
correspondingly smaller crossing angles between the interference beams;
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large grating constants (>200um).require that-thdAvtsitle laser be

crossed Very small angles C<2 x 10 radI, maki g any practical

applications very cumbersome. As we will presently see, thermal grating
mediated nonlinear effects are also critically dependent on the grating
constant in a similar fashion. This special requirement on the grating
constant is easily fulfilled with long wavelength (e.g., CO2 ) lasers.

The underlying mechanism for phase conjugation, bistability, and
other processes mentioned above are iite well known. In this paper,
therefore, we will discuss in detai, a new wave mixing processes that
have recently been demonstrated using nematic liquid crystal films,
namely, thermal grating mediated beam amplification via four wave mixing.
As we will presently see, the process is particularly relevant to
infrared application because of its requirement for a large grating
constant for efficient wave mixing.

THERMAL GRATING MEDIATED MULTIWAVE MIXING

Consider the geometry of the laser-nematic interaction as depicted
schemstics2'y in Fig. 1. The two lasers (pump and probe) produce an
intensity grating in the x-direction (on the plane of the paper). We
shall consider the case where the pump beam is much stronger than the
probe beam in intensity. The physics of the multibeam couplings and
heat diffusion in this system are described by the heat diffusion
equation and the Maxwell wave equation, respectively.

2T T ca I E 2

-D -- D .a~ (1)
3x // z2 41T

and

2 2  2 E ,Lw2  .0
E 2 2 2 PNL (2)

c 3t c

where E is the optical electric field, PNL the nonlinear polarization, T

the temperature, a the absorption loss coefficent, and DI and ,// ?-a
the thermal diffusion constant for direction perpendicular and parallel
to the director axis, respectively.

In the plane wave approximation, the pump (Eo), probe (E1 ) and
diffracted beams (E2 ) may be expressed as follows:

E (z) = £(z) e = 0 e

E (z) (z) ikz cos 0 + ikx sin 8 (3)

2 ikz cs 9 + ikx Sin 0E3(z) E 3(z) e C el '_
3 32

where k = nw/c. Note that k0 is along the z-direction.
The generated polarization pNL is given by
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Fig. 1 Schematic of the pump-probe beam interaction in a nematic
liquid crystal film. Both beams are linearly polarized in

the direction of the plane of the paper.
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pNL 2n 3n
P . (-n) (El + E + E3) AT (4)

7411T aT 0  1 2 3

where To is the initial equilibrium temperature, and AT is the
temperature rise.

Consider the I E 2 term on the right hand side of (2). Using (3),
we have

SE + E I E * + 0L.cj

2 2 2 + ikx sin 6 + ikx sine

+ i 2  e
2
1kx sin 8) + c.c. (5)

where for small 6, we have approximated l-cos8 0 0, i.e., we shall

include effects coming from the first order in 8. Furthermore, in view
of the fact that El and E2 are much smaller than E0 (usually EO is
about 102 times el or E2), we have

2 = 2 + 2 + 2 + + 6-iOx
IElI 1EJ I 'Ell lEj (E 0 E1 E+ E 0e

* * eex
+ (CIE0 + OE2 e + negligibly small terms (6)

where o a k sin 8.

If the laser beam sizes are much larger than the grating constant

and the film thickness, then the solution for the temperature rise AT

may be expressed in the form

AT(x,z) - f (z) + f (z) e- 8oX + S (z) eiB O x  (7)

Substituting (6) and (7) into (2) gives

-D //fo" a (IEd I el IEj (8)

D02f D - (E0EI* *

DI  l -//f101 2

and

D -f (E *E0 ) (10)
2 /12 2 1 0 0 2

In standard differential equation forms, (8) - (10) become

fo D ( 2 , 0 1 11 2 +1 E 2 ) 

S - L 80f - (E E 0 ) (12)

and
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f - -D ( 0 e 0 2 ) (13)
2 D 2 D 10 02

From (4) and (7), we get

PoNL 2n 2n + ikz (14)

0 - T )T0 (0f0 1 i c2f2) e

N 2n 2n + ikz + ik 0  (15)

- w D3TT T + 0fT) e 015)

L 2n 2n Ikz - Ik8 0  16I
2 T e 0 (16)

Substituting these polarization terms into the corresponding Maxwe'l
equations for CO , El and E2 and using the usual slowly varying envelope
approximation 8 yields

30 2n 
2  

Bn) (~ 0 + £ f 2 2T L (C ro + T E I f,+E2r2 20 (17)
c2

2

0 (32n L ( f + E f " fi (17
ki 3T T 0 10 22 2

D2

2 2n 2  an3z " 2k (aT)T 0 (12o Ol 2 (18)

Lz2 (E f( + E (19)c_ 2k 3T T 0 2 0 1 22

where we have included the effect of the absorption loss in the last
term on the R.H.S. of (17) - (19).

The coupled equations for the temperature distribution (11) - (13)

and the Maxwell equations for the pump, probe and diffracted beams (17)
- (19) form the basis for our theoretical and experimental studies of
the various wave mixing processes (such as diffraction, beam
amplification) that are mediated by the thermal grating. In this paper, Ilk

we shall limit our discussion to the possiblity of probe beam
amplification via the pump-diffracted beam coupling, and some
experimental confirmation.

In analogy to similar wave mixing effects in a Kerr medium7 , the

optical intensity grating terms on the R.H.S. of (11) - (13) may be
classified into two distinct types. One arises from the inLerference

between the pump and the probe beam (e.g., E0 and 6 c i ), which can

give rise to probe beam gain only if the resulting refractive index is %

appropriately phase shifted to the intensity grating. The other arise %

from the interference between the pump and the diffracted beam (E02

and E260 ), which can give rise to probe beam gain without the phase

shift requirement. This observation is borne out in the numerical
solutions of equations (17) - (19).

Figure 2 shows a plot of the probe beam intensity as a function of
the reduced distance z/d, for the parameters 10 - 80 watt/cm 2 , I1 - 0.8
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Fig. 2 Plot of the probe beam intensity as a function of the
reduced distance z/d, showing amplification effect.
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Fig. 3 Plot of the probe bean gain as a function of the grating

constant.
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watt/cm2 (i.e, a pump/probe ratio of 100 to 1), a grating constant of _0

A- - 300im,
2 sin( 2)

-1 dn/ dno/ -
d - 10Oum, a-80 cm and dT - dT - 10 3K -

It shows a rather interesting result, i.e., that the probe beam
intensity can be amplified by more than 200% in traversing this
high-loss, but also highly nonlinear medium. For a different value for
c[a - 20 cm-1], we have also studied the dependence of the probe gain as
a function of the grating constant (c.f., Fig. 3, which shows that
larger gain can be achieved at larger grating constant). The physical
reason is that larger grating constant can sustain larger temperature
modulation, ind therefore, a higher refractive index grating modulation.

Figure 4 is a schematic of the experimental setup. A TEMoo CO2
laser beam (Advanced Kinetic Power-Lase 50) operating at very modest
powers is split into a strong pump and a weak probe beam (Pump/probe
intensity ratio is 60) and is overlapped on the sample at an (external)
crossing angle of 2.30 (corresponding to a grating constant of about
50Oum). The beam diameter on the sample is 4mm. The pump power is
varied from 1.7 to 3.3 watt, and the power of the transmitted probe beam
is monitored. The film is fabricated using ZnSe plates coated with
surfactant for homeotropic alignment. The liquid crystal used is PCB
(Pentyl-cyano-biphenyl) and the film is 12Opm thick, maintained at a
room temperature of 220C. PCB has been shown in a previous study 2 to

have good transmission characteristics at 10.6pm. However, it does
absorb appreciably at 10.6om (for d-100oum, a - 80 cm-1 ) for thermal
grating effects to occur readily.

At an input pump power of 1.7 watt (which amounts to 0.8 watt on
the liquid crystal because of the 50% reflection loss at the
air-(uncoated) ZnSe window interface), an increase of the transmitted
probe beam of about 10% is observed. The probe beam gain is observed to 0
be rather nonlinear with respect to the pump power (Fii. 5). At a pump
power of 3 watt (intensity on the order of 25 watts/cm ), a gain of 40%,
is observed. Higher probe gain (>100%, not shown in Fig. 5) can be
easily obtained by simply increasing the pump intensity. The magnitude
of these probe gains for the parameters used in the experiment are in
good agreement with the numerical solutions.

The beam amplification effect as described and demonstrated above %

can be applied in the construction of a ring oscillator
9 (c.f. Fig. 6). %

The liquid crystal is placed within a ring cavity. Noise originating
from scattering from the pump laser (by the liquid crystal film)
traveling along the direction of the axis of the ring cavity will form a
grating with the pump beam and get amplified. When the amplification is
greater than the loss (e.g., by increasing the pump laser power), a ring
laser will be created, reaching a steady state value. The steady state
corresponds to a probe beam intensity such that at that pump/probe

ratio, the gain is Just equal to the loss. In some preliminary study,
we have observed such self-oscillation effects. Currently, efforts are
underway to study this effect in greater details.

One other interesting application of these thermal grating (formed
by the pump and the probe beam) is that it can be easily probed with a
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Fig. 4 Schematic of the experimental setup for CO2 beam

amplification. The He-Ne laser is for probing the grating
formed by the CO2 pump and probe beams.
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Fig. 5 Observed probe beam amplification dependence on pump beam
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Fig. b One of several possible ring oscillators that can be :.Wr.
constructed using the beam amplification effect. ir
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visible laser. If the infrared probe beam is a image-bearing beam,

obviously one can perform infrared to visible image conversion in a

manner analogous to what has previously been observed with near-infrared

(l.06um) laser.
1 0  

A preliminary experiment using this wavelength

conversion process has been successfully tested with simple objects

(lines, square aperture) and reconstruction with He-Ne. Currently, we %

are investigating imaging processes involving higher resolution objects.

The response time for all these processes depend inversely on the

square (2 the characteristic thermal diffusion length (either the film

thickness, or the grating constant, whichever is smaller). Cur previous
study has shown that typically for a 17cm grating constant, the decay

time constant is 50s. For a grating constant of 170pm, for example,

the (decay) time is about 5ms, which is fairly fast for jnag processing

or laser self-oscillations (compared to photorefractive crystals, for

example). The build-up time, of course, depends on the type of laser

used. With pulsed laser, it is possible to have a build-up time on the

order of a few nanoseconds.
4

This research is supported by the Air Force Office of Scientific
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Low-power (1O.6-jim) laser-beam amplification
S

by thermal-grating-mediated degenerate four-wave mixing
in a nematic liquid-crystal film
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We present a detailed theoretical analysis of degenerate four-wave mixing by a laser-induced thermal grating in a
nematic liquid-crystal film. In particular, we show that the coupling of the (strong) pump beam to tl. first-order
diffracted beam can give rise to substantial amplification of a (weak) probe beam. Experimental verification of this
effect with a CO 2 laser beam is also made. A probe-beam gain of greater than 20 can easily be observed in a 120-,um
film with a pump intensity of the order of a few watts per square centimeter.

1. INTRODUCTION the basic mechanism for probe-beam amplification is similar

Degenerate optical wave mixing in highly nonlinear materi- to the four-wave mixing effect observed in Kerr media, i.e.,

als has been the subject of intensive research in the past few the weak probe beam is amplified through the diffractions
- from the pump beam from a grating formed by the pump

years. Varioususeful and novel processes have been experi- beam and the diffracted beam; cf. Fig. 1. For quantitative
mentally demonstrated and are beginning to find applica- determination of the effect, a detailed numerical calculation,'

tion.' One of the phenomena associated with optical wave der

mixing is the amplification of one beam by another.'- 9  is needed; it is presented in Section 2. Some preliminary

These two beams form an intensity grating on the medium experimental results are also presented.

that in turn creates a reractive-index grating through the We have conducted a beam-amplification experiment that

underlying nonlinear mechanism. In the case of photore- uses a CO, laser for several reasons. One is to demonstrate
explicitly that the extraordinarily large optical nonlinearity

fractiveof liquid crystals can be applied to this spectral region, where
with respect to the resultant index grating, thereby creating f rmtmperature hil onine tral e ist.

an eerg-coplig mehansm etwen te to bams In few room -temperature, highly nonlinear materials exist.
an energy-coupling mechanism between the two beams. In Scn.bcueo h ahrln aeegho h O
a Kerr-like medium, the phase shift is zero, and amplifica- Second, because of the rather long wavelength of the CO.

tion of one beam by the other is possible, provided that the laser (compared with the usual -0.5-gm wavelength of visi-

two input beams are appropriately frequency shifted.6 -8  ble light), optical wave mixing involving large grating con-

have stants (>200 mm) presents no practical problems. LargeWe recently showed that it is indeed possible to grtnhosanspriaficettemlgrtneeit
amplification of a weak beam by a strong beam of the same grating constants permit efficient thermal-grating-mediat-

amplfictio ofa wak eamby astrng eamof he ame ed wave mixing in liquid crystals. There are other equally
frequency, even in a Kerr medium, provided that the mixing

conditions favor the generation of the diffracted beam.7 In important reasons for extending the success of optical wave

that study, the nonlinearity is due to director axis reorienta- mixing effects in the visible and near-infrared regimes to the
tion, and the laser-induced refractive-index change (n is far-infrared regime. One is the possibility of constructing a

proportional to the square modulus of the optical electric ring oscillator and a self-pumped phase conjugator in thefield. i.e., .An = n2dEP-. where n 2 is the nonlinear coefficient infrared (10. 6-Mm) region. .
field, ise., Anoptial erei f. i thnoipar coefet igure 1 shows the geometry of the laser-nematic interac-
and E is the optical electric field. In this paper we extend tion. A strong pump beam' k,,) intersects withi a much P
the study to another class of nonlinearity, namely, thermal li A probe beam kk,, a thermal e x grating in
nonlinearity that is induced by cw lasers. Because of heat weaker - forming indexthe liquid crystals. The first-order diffraction IkO} occur,,
diffusion within the liquid crystals and to the cell walls, the

onl the side of the pump beam. (Because of the weakness (oflaser-induced refractive-index change An is, in general, a the side bf the diffam. oil the weaknes
nonlocal function of the optical field. i.e.. An is not simply
dependent on the square modulus of the optical intensity at negligible.) The physics of the multibeam coupling and

heat diffusion in this system is described bv the Maxwell
a particular point: for a given applied optical field. An must
be solved subject to the boundary conditions. This change wave equation and the diffusi'n eqation. respectively:
in refractive index, in turn, will affect the optical field distri- 22 ,2E 1r,'
bution in the medium, and a correct solution of the tempera- 7E - = ,,, 1

ture distribution, the refractive index, and the optical field ()t

within the nonlinear medium can be obtained only by self- and, at stead stote.
conqieteit calculations, subject to the boundary conditions.
Nevertheless, in Section 2, by identifying the various wave d- T = ,,!El' 12)
mixing terms in the basic coupled equations, we show that 3x' 2 dx 2  4r
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- :C :D C; S"" L and
WNO D 30,2f2 - Df.2" = a(eo* + f(19 2 *), (10)

where 5i = ca/47r and double primes mean 8-/0z 2 .

FUMPIn standard differential-equation form, Eqs. (8)-(10 be-
come

LJ ~ DIFFRACTEDa

Fig. 1. Schematic of the amplification of a weak probe beam (El ," = - D + 1e11- + e.12), (11)
kj) by a strong pump beam (Eo, ko) and the simultaneous generation
of the principal diffracted beam (E2). The laser is polarized in a D + +(
direction perpendicular to the plane of the paper. "= - - o- + -D- * +  (12)

In Eqs. (1) and (2), E is the optical electric field, pNL the and
nonlinear polarization, T the temperature, a the absorptionD - - + 2 .()
loss coefficient, and D, and D the thermal diffusion con- f 2" = . . f2 - (-(* + 

E 2*!- (13)
stants for directions perpendicular and parallel, respective- D D-
ly, to the director axis. From Eqs. (4) and (7), we get

In the plane-wave approximation. the pump (Eo), probe
(Ej), and diffracted beams (E2) may be expressed as follows: p0NL = 2n an + ejf + fj 2)exp(ikz), (14)

Eo(z) = 0(z)exp(ik 0 - r) = f0 exp(ikz),

Ej(z) = e(z)exp(ikj - r) = ,, exp(ikz cos 0 + ikx sin 0), p L = an ,(j, + cj2 )exp(ikz + ik0,), (15)

E2z) = E2(z)exp(ik•, r) = f, exp(ikz cos 0 - ikx sin 0), (3) /dn\ +6

where k = nw/c. Note that k0 is along the ! direction, 47r -4 T)T(
The generated polarization pNL is given by Substituting these polarization terms into the correspond-

1 NL =- | E0
2n /t n  E, + E, + E-0AT, (4) ing Maxwell equations for E0, el, and Q2 yields
4hr VIT/T0  c 2nw~2 (In\ +af

- i - J) - -e, (17)
where To is the initial equilibrium temperature and AT is the z c2k \aT 2 +

temperature rise.
Consider the IE12 term on the right-hand side of Eq. (2). a(, 2nw2 

(an a
Using Eq. (3), we have 3z - T 2

IE12 = [E 01
2 + IE12 + IE2 1

2 + EE,* a- =- 2nw2 (In),,,(19

+ EIE,* + EE 2 * + cc'] z c
2k T ! )i) ° + . J,)- 2e (19)

lef12 + I 
2 

- 1,E.12 + * exp(ikx sin 6) + (0(2
*  where we have included the effect of the absorption loss in

X exp(ikx sin &) + 1c,2* exp(2ikx sin 0) + c.c], (5) the last terms on the right-hand sides of Eqs. (17)-(19).
The coupled equations for the temperature distribution

where, for small 9, we have approximated 1 - cos 0 % 0, i.e., lEqs. (11)-(13)1 and the Maxwell equations for the pump,
we include effects coming from the first order in 0. Further- probe, and diffracted beams [Eqs. (17)-(19)j form the basis
more, in view of the fact that E, and E2 are much smaller than for our theoretical and experimental studies of the various
(0 (usually t0 is abcut 102 times q or f2), we have wave mixing processes (such as diffraction and beam ampli-

fication) that are mediated by the thermal grating. In this
paper we shall limit our discussion to the possibility of

+ ((1e0 * + (Of2*)exp(idIx), (6) probe-beam amplification by the pump-diffracted-beam

where 0 k sin 0. coupling and to some experimental confirmation.

For the geometry depicted in Fig. 1, the temperature dis-
tribution may be assumed to be independent of the y dimen- 2. DISCUSSION
sion for laser-beam sizes that are much larger than the grat- The special problem associated with thermal nonlinearity is
ing constant and the film thickness. (This is true in prac- its nonlocal diffusive nature: the equilibrium temperature ,
tice.) The solution for the temperature rise AT may thus be rise (and therefore the refractive-index change) at a point (x. W

expressed in the form z) is dependent on the boundary conditions imposed at var-

AT(x, z) = f(z) + f[(z)exp(-idAx) + f,(z)exp(i3x.). (7) ous other points. Since f2 involves (2, and since the magni-
tude of (.,, the diffracted beam, grows from 0 at z = 0 to some

Substituting Eqs. (6) and (7) into Eq. (2) gives finite value at z = d. [/ is therefore an asymmetric function in

-D f,( = 12 + l( 1
2 + I(2.'), (8) reference to the midplane , = d/2. This asymmetry will be

reflected in the grating term f2f0, which is responsible for the
D,3,,f, -- D f," = a((f* + 9)). 9 amplification of the probe beam (as we will see presently).
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This asymmetry, in addition to the great variations of the linearity can be obtained either by bringing the sample tern-
probe beam (it can increase in magnitude by severalfold perature closer to the nematic - isotropic phase-transition
from z = 0 to z = d) and the pump beam (owing to losses), temperature or by using dn /dT rather than dn jd7
renders analytical solutions of these equations impossible. at a given temperature.) Our detailed theoretical study has
On the other hand, numerical iterative techniques can be generalized this theory to include the interplay among vari-
employed to solve the problem from which various new in- ous parameters and physical characteristics, such as intensi-
sights into the multiwave coupling can be gained. ty, losses, grating constant, thickness, phase mismatch, tern-

In analogy to similar wave mixing effects in a Kerr medi- perature, presence of other diffracted beams, frequency dif-
um t1 '1 the optical intensity grating terms on the right-hand ference between the incident beams, anisotropies (Ae, D -
sides of Eqs. (11)-(13) may be classified into two distinct D s ), and pump-probe beams, and will be reported else-
types. One arises from the interference between the pump where.
and the probe beams (e.g., f0f* and c ,o*), which can give rise
to probe-beam gain only if the resulting refractive index is 0.00

appropriately phase shifted to the intensity grating. The
other arises from the interference between the pump and the
diffracted beams ((0(2* and f2Eo*), which can give rise to Z 0.06 -

probe-beam gain without the phase-shift requirement. z
This observation is borne out in the numerical solutions of 4

Eqs. (17)-(19). Without accounting for the pump-diffract- W 0.04

ed-beam coupling, the pump- and probe-beam intensities /
are found to be monotonic decreasing functions of distance, /
and the main effect of the pump-probe interference is the < o.o /
generation of the diffracted beam. The formalism devel-
oped here, however, permits several detailed insights into Q
the problem and the generalization of this diffraction effect 0 . I,

to phase conjugation (which involves another strong beam). 0 .2 0.4 o~d0.6 08 P.
zid

Optical phase conjugation with gain using thermal effects a
has been observed in several studies 2 with high-power nano-
second lasers. It is important to point out that the funda- 0.34 -

mental mechanism for gain in those four-wave mixing pro-
cesses is different from the one under study here, which the "
phase-conjugated signal arises from four-wave mixing in- 0.32 "

volving a retroreflected pump beam; i.e., the conjugated z
(reflected) probe beam and the amplification of the forward 0.30

-0.
probe beam is due to the diffraction of the retroreflected <
pump beam from the grating set up by the pump and the
probe beams. The effect of the diffracted beam was ignored o.2

in the previous studies. _D

Inclusion of the diffracted beam and the numerous grat- I ,

ings that can be formed among the pump, the probe, and the 0.261 .
0 0. 0.4 0.6 o.s 8 .0

diffracted beams leads to numerous interesting theoretical J.
conclusions. In this paper, we concentrate on some of the b
salient aspects of this pump-probe-diffracted-beam cou-

pling pertaining to the probe-beam amplification process 4 -

and the nonlocal nature of the thermal effect on the intensi-
ty distribution within the nonlocal media. k" 1

Figure 2a shows a plot of the diffracted-beam intensity as o %
a function of the normalized distance zid, for the parameters W 6 %

I') = 80 W/cm2 , I = 0.8 W/cm 2 (i.e.. a pump/probe ratio of -

100/1), a grating constant A = X/12 sin(0/2)] = 300 um, d =-.0

100 Mm, a = 80 cm-, and dn/dT = dno/dT 10- : K-. It "
shows the expected growth of the diffracted beam with dis-
tance. Owing to loss (from (), the dependence on zid shows 4,. ,.

signs of saturation for z = d. For the same parameters, Fig.
2b shows that the corresponding pump-beam intensity de-
cays monotonically by a considerable amount. Figure 2c 0 0.2 ..h
shows a rather interesting result, i.e., that the probe-beam Z d
intensity can be amplified by more than 200% in traversing C
this high-loss, but also highly nonlinear, medium. Even Fig. 2. a, Plot of'the diffracted-beam intensity dependence on the

reduced distance .1d 1. Plot the pump-ieam intensity i as ahigher amplification can be obtained at a higher pump in- function of propagation distance into the sample. c. Plot of the V
tensity, and/or at a larger grating constant, or by using high- Iprobe-beam intensity asa function of the distan-e into the sample.
er nonlinearity. (For a liquid crystal, higher thermal non- showing gain at the exit plane.

-%
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In Section 3 we present what we deem to be more important
information, i.e., some experimental confirmation.

3. EXPERIMENT ,/ P
Figure 3 is a schematic of the experimental setup. A TEM 0
CO., laser beam (Advanced Kinetic Power-Laser 50) operat-
ing in a cw or pulsed (msec) mode is split into a strong pump : /
and a weak probe beam (the pump/probe intensity ratio is
60) and is overlapped on the sample at an (external) crossing -// - .e - -

angle of 2.3' (corresponding to a grating constant inside the
liquid crystal of about 260 gin). The beam diameter at the

sample is 4mm. The pump power is varied from 1.7 to3.3 C --- A" --
W, and the power of the transmitted probe beam is moni- -"

tored. The geometry of interaction of the laser polarization Fig. 3. Schematic f the experimental setup for CO probe-laser

and propagation vectors with the liquid-crystal axis is shown amplification. The ratio of the pump-beam to the probe-beam

in Fig. 1. The polarization is perpendicular to A, the direc- intensity is 60 to i. The He-Ne laser is for probing the grating.
l)iffractions from the He-Ne laser are easily visible with the eye.

tor axis of the nematic liquid-crystal film. The thermal BS. beam splitter: L, liquid crystal.
index gradient is therefore given by dno/dT, where no is the
refractive index for ordinary rays.t3 The film is fabricated so

using ZnSe plates coated with a surfactant for homeotropic
alignment. The liquid crystal used is pentylcyanobiphenyl

(PCB), and the film is 120 gm thick, maintained at a room 50

temperature of 22*C. PCB was shown in a previous study"!
to have good transmission charcteristics at 10.6 pm and does -0 40

absorb appreciably at 10.6Im (a = 80 cm-1).
At an input pump power of 1.7 W [which is reduced to 0.8 ..

W on the liquid crystal because of the 50% reflection loss at
the air-(uncoated) ZnSe window interface], an increase of 0

the transmitted probe beam of about 10% is observed. The I ""

probe-beam gain is observed to be rather nonlinear with
respect to the pump power (cf Fig. 4). obeying close to an "- o

pump dependence. At a pump power of 3 W (intensity of
the order of 25 W/cm2 ), a gain of 40% is observed. The .+,

magnitude of these probe gains for the parameters used in 0 o.5 . .5. . 2L . .. ...

the experiment is in good agreement with the numerical PUMP-BEAM POWER IWaits)

solutions (solid line in Fig. 4). The numerical solution is Fig. 4. Plot of the observed probe-beam gain as a function of the
obtained using the parameters a = 80 cm -t, thickness d pump-beam power. showing nonlinear dependence on the pump-

120 jm, 0 = 2.30, and dno/dT = I x 10- 3 K - t. beam intensity. The solid line is a theoretical fit, with a = 80 cm- '.

The basic mechanism responsible for the probe-beam gain ' = 2. :3,d = 120m. anddn,,/dT= Ixlo' K-'.

is the scattering of the much stronger pump beam from the
pump-diffracted-beam grating in the direction of the probe.
Obviously, at an equal pump-probe-beam ratio, the probe ""-)

gain will be zero. A higher pump-probe-beam intensity
ratio will lead to a higher probe-beam amplification. This
was verified experimentally. Figure 5 shows the experimen-
tally observed probe-beam gain as a function of the pump-
to-probe-beam ratio for the following parameters: pump

power, 1.8 W; fli = 2.6; laser-beam size, 0.3 cm 2; initial i %,,,

sample temperature, 29'C. It shows that the probe gain I
saturates at a value of about 70% for a ratio >100. The
experimentally observed dependence is in agreement with

the theoretical prediction (Fig. 6). The thermal grating,
owing to diffusion, is also highly sensitive to the grating R :4"
constant. Smaller grating constants can sustain a smaller
temperature difference and therefore a smaller refractive-
index modulation. Using the same parameters as those . , .. . , .
used for Fig. 4, we observe that the gain drops from 40% at 0 , 0 7 , no I I r, 1
= 2.30 (i.e., A =_ 2 60 m) to a vanishing value at 6 > 100. This PJ/PoBE AI

requirement of a large grating constant or appreciable am- Fig. 5. Experimentally observed probe-beam gain as a function of
plification, incidentally, is (in practice) easily met by using pump- probe-beam ratio for the experimental parameters stated in
infrared lasers (such as CO., and CO lasers). Although it is the text. The curve shows the theoretically predicted dependence.
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pulse amplitude with and without the pump beam. when the
2. ̂ viz sample is maintained at 32°C, i.e., close to T(., where dn/dT
Z:N is large. The pulse duration is 40 msec. chosen because the

0thermal-grating decay time is of this order. In Fig. 6a, the
pump power is I W 140 mJ in 40 msec). and a gain of 30%c is
observed. Figure 6b shows the large gain (20 times) ob-
served at an input pump power of 4.6 W. This large gain is
due to the large dn/dT near T, as well as to more efficient
buildup of' the thermal refractive-index grating by pulsed

: ' :j : -. :.7 = . :lasers.
In conclusion, we have demonstrated, for the first time to

our knowledge, how a probe beam can be amplified by a
pump beam in a diffusive medium involving a thermal grat-

. 2, ing. Also, we have experimentally demonstrated the effect

. and how it may be applied to CO.lasersIfmoderatepower.Z_ PUMP P WE = 4 W:I's
PSince the thermal-index gradient for the extraordinary ray

dn,/dT is larger, and also, since these thermal gradients
r_ increase greatly near T,, considerably lower power and/or

/v "higher gain of the probe beam can be achieved. By using
this high-gain wave mixing effect, processes such as image

amplification, ring oscillation, and self-pumped phase con-
W!TH PUMP W;-Z^ UT PU P jugation are clearly feasible, and they are currently under

Fig. 6. a, Oscilloscope traces of probe-beam power with and with- study.
out pump fora pump power of I W. The laser pulses used are of 40-
msec duration. h, Same as a but for a pump power of 4.6W. A gain
of 20 is observed. ACKNOWLEDGMENT
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Laser spot size dependence, nonlocality and saturation effects
in transverse optical bistability

I.C. Khoo, T.H. Liu, P.Y. Yan and J.Y Hou

Electrical Engineering Department, The Pennsylvania State University
University Park, PA 16802

Abstract

We present here a theoretical discussion of the effect of nonlocality and saturation
in transverse optical bistability. It is found that the switching conditions, switching
power and characteristics are considerably different from the situation where these
effects are not accounted for. We also include an analytical study of the transverse
self-phase modulation effect and relate the key parameters explicitly to the transverse
bistability switching condition and bistability.

Introduction

Optical bistability in the intensity of a laser beam after its passage througn a
thin nonlinear film was first experimentally observed by Khoo in 19821, following a
theoretical discussion by Kaplan 2 in 1981. For such optically thin nonlinear medium, the
effect of the nonlinear medium essentially impart a transverse intensity dependent
nonlinear phase shift on the incident beam. The process of intensity redistribution and
switching was quantitatively analytically analyzed by Khoo 3 et. al. and the theoretical
predictions and the experimental results are in good agreement. In reference 3, it is to
be noted here that we have actually employed an analysis that is beyond the usual lens
approximation (c.f. Appendix in Ref. 3) where the gaussian intensity profile of the
incident wave is expanded up to the r2 term (where r is dimension transverse to the
propagation axis z). However, much insights into the process (and little loss of the
actual physics) can be gained by employing this approximation. In this paper, we
reexamine the process of transverse bistability in lights of an exact theoretical
analysis of transverse self phase modulation (without a feedback) and dem: itrate the
relationship between this process and the bistability switch conditions (..en a feedoack
is present). We will then also discuss the effect of nonlocality (which depends
critically on the laser spot size) and saturation effect.

Th eor y

Figure I depicts schematically a typical transverse self phase modulation experiment.
A gaussian laser beam is incident from the left on a nonlinear film with a beam radius of
curvature R and a beam waist on the film. The intensity of the laser has a transverse
dependence given by

2r
2

'laser 0 exp - 2 (1w

A mirror at a distance Z/ 2 is placed behind the f'Ilm and a pin-hole at a distance z is
used to monitor the intensity at various radial displacement r, from the axis. The
radial intensity distribution at z is given by I(rl,z). From Kirchoff's diffraction
integral, I(rl,z) can be shown to be given by

I(r l z ) - (TZ) 10 F rdr J0 (21rr 1 / z) exp (-2r 2 /w2) exp -i € + 210
(2)

where the "diffractive" phase 00 and the nonlinear intensity dependent phase NL are
given by

2 2

0D < 2z +2R)

2r2 /
0' kn2 d [I 0  exp - w2 * RMI (rl,z)]

2 -
where n2 is the nonlinear refractive index coefficient, k- - is the vacuui wave vecto-

wave vector of the light, RM  is the reflectivity of tne mi-ror and J tne thickness of the
nonlinear film.
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We shall discuss here first the case of ze'o feedback (i.e., Rm-0) to illustrate
some interesting important observations. Defining:

y.r/w 2

Cl. w
z 2

Ca  - n2 d0 (5)

C w 21 (I.1)cb z R

C2 - 2w/w 0

5 0 r , where w0 is the focused laser beam waist.

equation (2) becomes

ir I'z) - C 1 1 I e-y2 y dy Jo(C28y) exp i(Ca e Cb y2 (6)

It is clear from equation (6) that C1 affects only the magnitude of the intensity and C2
the relative scale of the intensity distribution pattern.

The key parameters are Ca and Co which decide the phases 0 NL and OD,

2
respectively, which in conjunction with the Integrand (e- y y), dictate the

intensity distribution I(r1 ,z). A detailed numerical analysis of I(rl,z) as Ca and Co
are varied show that there are three fairly distinct general characteristics for I(rl,z)
depending on the sign and magnitude of C0 relative to Ca.

h
For 42>0, i.e., Ca>O and increasing with 13, these three regions correspond to

I. Cb>0

In this case, the overall intensity distribution I(rl,z) develops from a gaussian at
low intensity to one where the on axis intensity is enhanced, with side band rings at
hign intensity. The on-axis intensity at higher intensity shows some oscillatory
behavior but remain "bright". (c.f. figure 2a)

II. Cb(O .

In this case, I(rlz) acquires side-band rings at high intensity, while the center
spot tends to be dark. (c.f. figure 2b) ,%

I 1. CbOO .%

Tn's situation represents a transition or mixture of cases (I) and (II). There are
side rings, but the center spot assume alternatively brighten and darken appearance (c.f.
figure 2c). These intensity dependences, as a function of Co, have been observed
recently45.

In the case of transverse bistability, where portion of the transmitted intensity
I(rl,z) is "imaged" back into the nonlinear film, clearly one can expect a so-called
"positive feedbacK" or "reinforcement" to definitely to occur only for case (1) if no is
positive. This is indeed the case as demonstrated in a recent analysis of the switcning
condition 0 , where, for positive n2 , the condition for bistabillty to occur is shown to
be given by

7 2 l ) 15, 4z "
2w 1 ) > * 1.12 (7)

A R z R 2k)
MR(w k)

For negative n2 , the situation is exactly reversed, i.e., for Cb>0, the center spot
darkens at nigh intensity; for Cb<O, the central spot intensifies and for Cb!0, the
cent-al spot alternatively brightens and darkens. The bistability switching condition is
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now given by

. 2 l l) < - -- -- 4 + 1.12 2 (8)

R z Rm(w
2 k)

This preceding exercise further brings out the importance of the spot size o

dependence as well as nonlocality of the nonlinearity, since they affect Ca and Cb
considerably. As demonstrated explicitly in reference 3, all the switching
characteristics depend critically on the incident spot size of the laser beam (to power
of six or eight). In this paper, we will examine how the nonlocality of the nonlinearity
(associated with diffusion or molecular correlation), which is highly dependent on w,
affects the phase factor Ca which in turn affects the overall switching characteristics.
To illustrate the point, we will quote results 7 we have calculated for the nonlocal
dependence of liquid crystal axis reorientation. For the case where the linearly
polarized laser beam is normal to the plane of the liquid crystal (i.e., the optical
electric field is normal to the liquid crystal axis) as well as for the non-normally
incident case, the transverse widths of the liquid crystal response are, in general,
different from (smaller or larger depending on several factors) the laser beam widths.
One of the consequences of this is shown in Figure 3a and Figure 3b.

e
Figure 3a compares two switching curves, one (I) is obtained for the case of local

nonlinearity (i.e., laser beam width - response width) and (II) is obt ined for the case
where the width of the induced response is smaller than the laser beam width. It clearly
shows that both the switching power and the switching characteristics (size of the loop,
switched intensities, etc.) are drastically changed. The lowering of the switching
powers is attributed to the fact that a "narrower" nonlinear response is equivalent to a
higher power lens.

Figure 3b shows how the switching behavior differs for the local (I) and the .0
nonlocal (II) (where the width of the response is greater than the laser width). Because
of the increase width of the response, i.e., the induced "lens" is equivalently
lower-powered, the switching intensities are up. There are, of course, other equally
interesting effects due to the nonlocality of the nonlinearity but the preceding
discussion brings out the most salient points.

Finally, we shall address the question of saturation effect in transverse
bistability. This was briefly alluded to in a previous publication. We have recently
performed a detailed calculation based on the form of saturation described by an n2 of
the form

n n2

2 1 1(r)/I

where n2 is the non-saturated result. Figure 4 summarizes most of the results calculated
using the technique developed in reference 3. For a small region of IS , widely varying
characteristics are obtained. There are multiple switching (loops), single switching
loops, and so-called isolas corresponding to isolated region of solutions. There have
yet to be experimental confirmation of these results. '
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Figure Captions

I. Schmeatic of transverse optical bistability setup. F is the nonlinear film, M the
mirror.

2a. The on-axis laser intensity as a function of the transverse dimension for various
input intensities (Cb>O; n2 >0 case).

2b. The on-axis laser intensity as a function or the transverse dimension for various
input intensity (Cb<O; n2 >O case).

2c. The on-axis laser intensity as a function of the transverse dimension for various
input intensity (Cb,O; n2 >O case).

3a. Typical switching curve for (I) local and (I) nonlocal nonlinearity (where the
induced nonlinear phase shift profile is narrower than the laser profile).

3b. Comparison of (1) local and (11) nonlocal nonlinearity switching curves. Curve II
is obtained for a nonlinear phase shift profile that is wider than the input laser
profile.

4. Multiple stable solutions of the output (on-axis Intensity) as a function of the

input intensity for various values of the saturation intensity I.
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Optical limiting using self-focusing and self-bending of light by a nematic liquid crystal

film
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The Pennsylvania State University, Universit) Park, PA 16802

and

A.E. Kaplan, School of Electrical Engineering, Purdue University, West Lafayette

Indiana 47907

Abstract

Optimal power limiting effects associated with self-focusing and self-bending of
light in nematic liquid crystal films are studied using low power cw lasers and high power
nanosecond pulse lasers.

Introduction

Transverse self phase modulation associated with the transverse intensity profile of
a laser beam, and the related self focusing, optical switching and bistability phenomena
have received considerable attention recently. - 3 In conjunction with highly nonlinear
materials, these effects have shown promises for applications in optical processings and
logic element fabrications. One possible application of transverse self phase modulation
is in the fabrication of passive optical limiters, in which the devices possess high
transmission at low optical intensity, and, via the nonlinear refractive effect, switch
over to a low transmission mode at high input intensity. 3 The process is basically a N
spatial redistribution of the laser power in the transmitted observation plane. It
follows naturally that if the transverse nonlinear (intensity dependent) phase shift is
"tailored" appropriately, the intensity at the observation plane will redistribute
accordingly. In particular, if the incident laser beam is asymmetric, or if the nonlinear
medium itself imparts an asymmetric phase shift, the exit beam will change its propagation
direction in a unidirectional pattern4 , which results in self bending of the laser beam.

Discussion

In this paper, we report an experimental demonstration of optical limiting due to
self-focusing and bending of a laser beam via transverse phase shift in a nematic liquid
crystal film. Figure 1 depicts schematically the experimental set up. For self~focusing
experiments, the whole laser beam is incident on the sample. The laser beam is
half-blocked by an opaque object placed just before he liquid crystal film for self-
bending effect. This creates an asymmetry in the laser intensity in the x-dlrection. If
the medium possesses a positive nonlinearity (i.e. the refractive index n is given by n =
n * - n21; n2  > 0, I - the optical intensity), then the beam will bend in the positive
x-direction as shown. A detector located downstream that collects the light along the
underated direction will obviously detect an intensity switching effect.

For nematic liquid crystals, there are two principal contributions to the
nonlinearity n2 , namely, the refractive index change associated witn laser induced
director axis reorientation, and the refractive index change associated with laser induced
heating. 5 .6 Both are extraordinarily large, characterized by widely varying rise and fall
times. The magnitude (and sign) of n2 depends on the interaction geometry. Consider the
configuration depicted in Figure 2, involving a linearly polarized laser and a %
homeotropically aligned nematic liquid crystal film. For molecular reorientation, 8 must
be * 0 or 90. The change in the dielectric constant c - n2 is given by 5  .P%

6 (r) - E C2 d22o (dz-z
2 ) dz (1)

A tsi2 d - O

. '%CI 2 oo(r) sin 2 2 a
4 I_.

in the case where the laser beam width is much larger than the sample thickness d, and
Eop 2 << F2 where Ec is the optical ?reedericksz field (EF2 - 4 3kAE- d 2 ) as detailed in
reference 5.

In equation (1), Ac is the dielectric anisot-opy, E H and er are the optical
dielectric constant associated with optical field polarization p~rallel and perpendicular
to the director axis, respectively; 4 w 4 K(Ac)- Eop- 2 and K the elastic constant.
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This gives. in terms of the refractive index

Sn(r) - n I(r) sin 2B28 I(r) (2)2 4n!()

If the incident laser beam is half-blocked, then, roughly, these two expressions will be
multiplied by a step function e(x) [G(x) - 1 x<O; e(x) - 0 x > 0.

On the other hand, the change in the refractive index associates with laser heating
is quite complicated, and has been discussed in details in recent publications.

6 
It

suffices to note here that for the geometry depicted in Figure 2, at B - 0, the ordinary
refractive index no is probed. The change in no is highly nonlinear (and is positive)
near the nematic * isotropic transition temperature Tc. Depending on the absorption rate
of the liquid crystal, the magnitude of n 2 varies. For MSBA, for example, laser
Intensities on the order of tens of watts/cm

2 
are sufficient for inducing large (>21r)

phase shift (transverse or longitudinal) leading to transverse self-focusing and
logitudinal bistability switching effects

I
.

We have conducted experiments on laser self-deflection effect using both kinds of
nonlinearity. The laser used is a linearly polarized Ar

+ 
laser operating at the 5145 A

line. The liquid crystal used is PCB (Pentyl-cyano-biphenyl) for molecular-reorientation
effect, while MBBA (p-methoxybenzylidene - p-n - butylaniline) is used for thermal effect
studies. The samples are 100um thick and are homeotropically aligned. The incident angle
(B) is set at B - 150 for PCB samole, and at B - 00 for MBBA. The laser is half-blocked
at the entrance plane of the sample. The transmitted laser beam is monitored on a screen
at a distance of 7m from the sample.

For PCB sample, a well-defined bending of the laser beam in the expected direction is
observed at an Input Intensity of l0 watts/cm

2 
(laser power - 1 watt, laser spot size,

lightly focused is 1mm
2
). The beam moves by a displacement (about 2 cms) of roughly 2

beam sizes at the observation plane. This corresponds to a deflection angle a of 1/350.

For PCB, the relevant parameters are AC - 0.8, E -2.25; k - 0.8xO
- 6 

dynes; d -
100ur. This gives IF - 480 watts/cm

2
. The maximum efractive index change at r - 0 is

therefore 6n(O) = 0.05 while 6n at r about one beam waist (Imm) from r - 0 will be
vanishing. One can approximate this spatially varying refractive Index by an index

coefficient - of about 0.05/0.05 - icm
-1

. The deflection angle e associated with this
d~ dxn 00

index coefficient is given by G - - .01 - 0.06 radian. This is in good agreement
n dx 1.5

with the experimental observed deflecti)n angle of 0.03, considering there are several
factors of unity associated with the various approximations made in the theoretical
estimate.

The switching of the laser direction obviously gives rise to a whole beam intensity
switching (from - I watt to vanishing value) for a detector located at position A on the V,
screen. Under low laser power illumination, the switching is quite slow (- 1 second).
However, it is well-known that the molecular reorientation trocess in liquid crystal will
speed up with the Increase in the applied field. Very fast (nanosecond) turn-on is
possible at laser powers on the order of 102 MWatts/cm

2
, which is being currently

investigated.

Similar beam deflection effects are observed if one employs the thermal effect in
MBBA sample (To - 42.5

0
C). The sample is maintained at room temperature (22oC). It is

observed that a laser power on the order of 0.5 Watt (unfocused beam intensity of I
watt/cm 2 ) will lead to self-bending effect.

In the case of self-phase modulation involving the whole beam, a drastic increase in
the divergence of the exit beam is observed at a laser power of about 0.2 Watt.

As the sample is moved around the focal plane of the lense (i.e., the radius of
curvature R changes in sign as well as in magnitude), the intensity distribution at the
detector plane varies considerably.

In the case where the radius of curvature R of the wavefront is positive, the central
portion, i.e., the on-axis part of the beam has a small region of brightness that seems to
persist at all Input intensities. On the other hand, if the sample is located before the
focal plane , i.e., R is negative, the central region is dark at high input laser
intensity. These are obviously diffraction effects, coupled with the nonlinear transverse
phase shift. The detected Intensity distribution is obviously also dependent on the
parameter Z. It is probably useful, (but is time consuming and too detailed to be dealt
with in this short communication), to identify and somehow classify the region of Z or R
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whereby the intensity distributions are classifiable into typical forms. As a result of

the drastic increase in the divergence of the beam at the detector plane, the detected

power (the so-called output) versus the input laser power will deviate from linear,

tending to a so-called "limiting" form. This is indeed observed (as shown in Figure 3).

The detector collects almost all the transmitted laser beam, at low power. But at higher

intensity, the "output" shows limiting behavior even as the input is increased by almost

10 times. There are some oscillations In the output, reflecting the diffractive

interference effects that were also observed in our earlier experiment on transverse

bistability.
1

The configuration, as depicted in Figure I and adopted in our experiment

demonstration is but one of the several possible set up that will create the required

asymmetry in the transverse intensity dependent phase shift for laser deflection. One

simple alternative whereby the whole incident laser beam is used would be to use a sample
whose thickness varies from one beam edge to the other. For both reorientational and

thermal nonlinearly, this variation in the thickness introduce a nonlinear "bias" (and
thus asymmetry) on the transverse phase shift. Details of laser deflections using this
kind of set up and the dynamics of the process will be presented in a longer article
elsewhere.

In conclusion, we have demonstrated laser self-bending and intensity switching
effects based on transverse self-phase modulation effects. The effects can be applicable
to fairly high speed optical switching and power limiting applications for various types

of lasers (the molecular reorlentational effect is non-wavelength selective), and are

currently being studied in that context.
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Figure Caotions

Fig. 1 Schematics of the set up for laser self-focusing and self-bending effect.

Fig. 2 Laser propagation in a homeotropically aligned nematic liquid crystal film. %

Fig. 3 Optical power limiting associated with the external self-focusing effect. %%
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Probe Beam Amplification via Degenerate Optical
Wave Mixing in a Kerr Medium

TSUEN-HSI LIU, STUDENT MEMBER. IEEE. AND IAM-CHOON KHOO, SENIOR MEMBER, IEEE

Abstract-The theory of probe beam amplification via degenerate induced phase shift (between the index and the intensity
optical wave mixing in a Kerr medium is presented. This theory in- gratings) to yield the probe beam amplification. Similar
cludes consideration of the self-phase modulation, two-wave mixing,
and multiwave mixing terms in the coupled-wave equations. Both an- tudy was considered in [13]. However, the emphasis ard
alytical solutions, under the assumptions of a nondepleted pump beam approximations made in [131 are different from this paper.
and a transparent Kerr medium, and numerical solutions with these Both analytical solutions, under the assumptions of a
assumptions removed are presented. Our solutions show that under nondepleted pump beam and a transparent Kerr medium,
certain conditions, phase matching can be satisfied and a high probe and numerical solutions without these assumptions are
beam gain is possible, even for a zero phase shift between the refractive
index and the intensity gratings. presented in this paper. While more accurate predictions

are provided by the numerical solutions. the important in-
sight into this process is well illustrated by the analytical

I. INTRODUCTION solutions. For example, we show that when the phase
B EAM amplification via two-wave mixing in photore- matching condition is satisfied, the probe beam gain can

fractive crystals has been extensively studied over the grow exponentially with the interaction length. The more
past few years [1]-[61. Two major reasons photorefrac- detailed and exact numerical solutions bring out further
tive crystals are good candidates for two-wave mixing ap- insights not found in other simpler approaches involving
plications are: 1) photorefractive crystals are highly sen- only two or three beams.
sitive to light, and 2) in photorefractive crystals. a natural In Section II, the basic coupled-wave equations are de-
90" phase shift exists between the refractive index and the rived. In Section III, all the wave mixing terms in these
intensity gratings formed by the input beams. Normally, equations are classified and discussed. In Section IV, the
this 90' phase shift, a condition for obtaining the opti- analytical solutions are derived. Finally. in Section V,
mum two-wave mixing effect, is not present in other non- some numerical results are presented.
linear optical materials. Beam amplification or four-wave %
parametric amplification in a Kerr medium was consid- II. BASIC EQUATIONS

ered by Chiao et al. [7]. Beam amplification or transfor- In this section, we derive the first-order coupled wave
mation of light beams by dynamic holograms in a general equations resulting from the intersecting of two beams in
nonlinear medium was considered by Sidorovich and a Kerr medium (see Fig. 1). These fir )rder equations
Stesel'ko [8]. Recently. an exact solution for two-wave are deduced from the exact second-order wave equation
mixing in Kerr media was considered by Yeh [9]. In his and the third-order nonlinear polarization. Beside the two
theory, the required phase shift is induced by the nonde- input beams, these equations also include four diffracted
generate wave mixing (or moving grating) technique [71- beams inside the medium (see Fig. 1). In principle, more
[12]. beams can be included, but in the actual experiments. they

In this paper, we present a theory of the probe beam are negligibly small. An additionally induced phase shift
amplification via a wave mixing process different from the between the refractive index grating and the input inten-
two-wave mixing mentioned above. This process is due sity grating is also included.
to the simultaneous consideration of all the degenerate The well-known second-order wave equation and the
third-order wave mixing terms, namely, the forward de- multiple expansion of the medium polarization in terms
generate four-wave mixing (DFWM), two-wave mixing. of the optical electric fields are given by [141-[151
and the self-phase modulation terms in the coupled-wave aE a'PL
equations derived in Section II. One of the attractive fea- V'E - = t
tures of this process is that it does not need an additionally at
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d For practical reasons, let us express the effective degen-
, erate third-order susceptibility X,3

1 in terms of the Kerr
,.'v coefficient n, bv

=3 c0n-n (5)

- .. ~ 2.z, where the Kerr coefficient n, is defined as

n = no + n,(E 2 ) (6)

| ,.. , with no being the linear index of refraction. E( = E +

E, + E3 + E, + E5 + Er,) the total optical field, and
E 0 ( E2 ) the time average of E2. In the nearly degenerate

Fig. 1. Beam geometry for degenerate optical wave mixing. L, is the op- case, n, becomes a function of the frequency difference
tica2 frequency of beam 1. w + Q is the frequency of beam 2. and so on. between the incident beams Q = w,- c, and the response
(l( << w ) is a frequency shift introduced to induce a phase shift o be- time of the medium r [9]:
tween the refractive index and the intensity gratings. o and Q are related
by the response time of the medium. o = 0 and 9 = 0. Beam I is con-
sidered as the pump beam. while beam 2 the probe beam. Beams 3-6 are n2 = (no/1-l + tan 2 ( )e (7)
the diffracted beams generated by the optically induced index gratings.
Number of diffracted beams is not limited to four. All the beams are where
equally distant at the far field.

S= tan -l (f~r) (8)

linear component of the medium polarization. In (2), X,

is the linear susceptibility, dqk and XIk/ are the second- and n, 0 is the value of the index change for the degenerate
order and third-order nonlinear susceptibility, respec- case. 6 is the phase shift between the refractive index and
tively, and so on. The subscripts and superscripts repre- the intensity gratings.
sent the Cartesian coordinates. The convention of sum- Finally, using (2) (retaining only the third-order term),
mation over repeated indexes is assumed here. (3a), (3b), (4), and (5), we obtain the following first-order

To reduce (1) to a set of first-order differential equa- coupled wave equations:
tions. we make the following assumptions:

1) All the waves are assumed to be plane waves, z de- d& ,
pendent only. and for simplicity, linearly polarized in the dz = ig[ i[-

same direction, i.e., we have _ 2ig[(rl , fe' + 131,fe_

E= () exp [i(wo~t - k.)] + c.c.), + f2_e-2,' + I f2.e 2',

j = 1, 2.', 6 (3a) + g51.2f3e3o.) F] - ig{F2&*f.

and the nonlinear polarization can be decomposed into
their electric field counterparts as exp Ii(-3o -

+ ,*ogf " exp [2il.k3-] (f, e" + f~e - 2'0 )

P= (T, exp [i(wt - k-1z)] + c.c.), +p+

+ £CI,&8 exp [i-k~z] (f3e 310 +fe-10) 0

j = 1,2, ' 6 (3b) I
+ ",&,F,* exp [i(Ak,z - Ak z)]where w, is the frequency and k. is the component of"

the wave vector of the jth beam. • (fie' + fe - i)
2) The rate of the electric field change satisfies the

slowly varying envelope approximation (141-[151. i.e., + ,2.*f1 exp [i(o + 2.k.z - Aksz)]

jk 2& >> k -s . (3c) + 26,4 C5C' exp [i(Ak3 z + Aksz)lf2 Cos 20
a: a:-

+ l~~j exp [2"i.Ak~zj (fe +fAe-o
From these assumptions, the second-order wave equa-

tion (1) can now be reduced to a set of first-order wave + £'gdg' exp [i(.Akiz + .k )]
equations (fe ' 0 + fe

(az4 o 9)+ exp [iAk~z] fie' + fe~')

j = 1.2. .6. (4) (9a)

Apt
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_= = -igj&I& =_' 4 &4  'A

ig[2(1&11'fiei + J&3Ijf2e2'0 I.Ife +

- ig2' [ I -1,1f e1f '

+ I'fl + 1-951 2 f e+No f 3 e No+ 1 5 11f4 e40

+ J&6 jf 2 e--i')&,] - ig{S' + &2& 
- i{&Fif 1

*exn [ -i~k 3:] 
62f gfS

(fie"- f~ - N ) .exp [io- lk 3Z)l

+ ~~42 ep i~ 3:](feNo +f~ ~ + F,,g 3 exp [ -2ilk3z] (fle'o + f 2e 210

+ &3&4&*i exp [2iak3:] (f 2e2' +fie-") + Fi5f. exp [i(20 - Ak 3 Z - Aksz)]

+1 &8* exp [i(Ak3Z - Ak5Z] + &-'&3&* exp [-ilksz] (fe' +f 3 e 3 f)

Sfe'0 +fe) + &5p'bt3 exp [2i( -Akjz+A~)

+ 2 &j*f, exp [ (-0 + 2.1k 3 Z - A k5Z)] (f 4 e 4, + f, e

* &5&6&* exp [2ilkszJ (f3e No + f 2 e-2 0 + &3 Fg6g, exp [ilk 5Z] (f 3e No + f, 1
0 )

+ 8,5*"(~~ + fle-')+ ggex[i- k:+k 5 )
+~~&&& exp~'x~iA3 +i-A3 +k:]~o2 Ak+fze]

+, &,, & exp [i( -A 3Z + Aks:)] (fie'0

* f2 e ,0) Ci3 (9b)+ 28,6C6 * exp [i(-Alk3 Z + Akcz)]f 1 cos

-F, (9d)

-= _g 1 & 3 S5

- ig[2(1&12fie'" + IC,2 f~e-
2 "d ig1&5 1 5

+ .~'' +Is~e 0  3[2,o~fe~ + I+fl
1&5 -ig[- ig{ e' ~e+ + 18,12fe 5')

*exp [i( - Ak 3z)] g exp [ -ilk5Z] (f~ee 2o + f 3 e 3't

+ &I Fl F4 exp [-2iAk3 :] (fie + f 2 e 2
1o)

+ CC4 C ep [i~ 5 :](f~ 0  f~No~ + &3 &4 &* exp [i(2,Ak 3Z - 2Alk 5z)]

+ £&C6*f exp [I( -~-Ak 3Z - Aksz)] (fle -1 + f 4 e-4 10) %4

+ &, &s & exp [li -Ak 3 ,- + A ksz)] + 2&1C&F, exp [i(.lk3Z Ak 5z)]

(fle"~ +f~e-0 (fe*+feo
+ 4&5&* exp [ilk5z] (fle" + f 3 e 3 )(~' ~ 2 0

+ 2F,1& 5 &3 exp [(-lkZ+ Az]fcos + C.fex[i- -k:-Ak)].-S*

" &F64 x 2(-kz+ Aks:)]L + &'-F34* eXP t!Ak5:I (fle + f~e-O%
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A6_ & this term (see Section IV). Although the self-phase mod-
c: -ulation terms are usually ignored. in our theory, they are

, , , explicitly included because these self-phase modulation
-ig[2(l &I 'fae 3  I&+ I'21 f e"0 + 1 &3f terms play a major role in the phase matching conditions

44+ f and the resulting wave mixing effects.B. Two-Wave Mixing Terms
-ig{8,&,8* exp [-2iAk5z] (f 2 e "io + f3e

3" ) The terms in the square brackets of (9) are the familiar

+ &36 4 g85 exp [i(2.Ak, - 2Aksz)] two-wave mixing terms that appear in other calculations
4 [9]. The physical meaning of these terms can be illus-

(fie~" +f 4e~ trated, for example, by the first two-wave mixing term in
"F14 &* (9b) (-2ig I1 1&, ). This term ieads to the process in

3exp [-i~k 5 z] (fie'° +fJe 3o) which the pump beam 61 and the probe beam &2 form a
+ 8, ' exp [i(Aksz - Ak 5:)] grating proportional to '&, dz. Then the pump beam is

diffracted from this grating into the probe beam by an
* (fie gb +f 2e10) amount d, = -2ig I &-2 dz. The phase difference be-

tween this infinitesimal change in the probe beam field S
+ L 'f, exp [i(20 - Ak3: - Aksz)] and the probe beam field itself is 0 - 900. Fig. 2 illus-

+ &42C2.f1 exp [i(O + 2k 3z - Ak5z)] trates, in the vector diagrams. this relation for 0 = 0 and
0 = 900. In Fig. 2(a) (0 = 0), the infinitesimal change
in the probe beam is always perpendicular to the probe

(9f) beam itself. Hence, the intensity (magnitude) of the probe
where u is the loss coefficient of the medium. f,,'s are the beam does not change, while the phase of the probe beam •
factors associated with the medium response time and the does change during the process. (However, due to the
frequency detuning and are defined as existence of other terms, the probe beam intensity change

is, in fact, possible for 0 = 0. ) On the other hand. in Fig.
= 1/ 1 + tan-2 ( c), c = 1, 2, 5, (10a) 2(b) (0 = 90°), the infinitesimal change in the probe

beam and the probe beam itself are always in parallel.
and g is the coupling constant defined as Thus, the change in the intensity of the probe beam is _

9 =wnon,o  10 possible, while the phase of the probe beam is not varied
g = 2k.c (lob) by this process. .

It is interesting to note that if the phase shift 0 is in-
with c being the speed of light in vacuum. Ak3 and Ak5  duced by moving grating or other techniques. cf. (7) and
are the z components of the mismatched wave vectors (8). then the condition b = 900 corresponds to exactly n,
given by = 0. Therefore, maximum energy exchange in the case

Ak3  2k, - k, - k3 (1 la) of moving grating induced phase shift occurs at other than
900. (In the case of a purely two-wave interaction, it can

and be readily shown that maximum energy exchange occurs
Ak = 3k. - 2k, - k. (b at d = 450.) This is different from two-wave mixing in

photorefractive crystals. In the photorefractive media, this .,\P.
respectively. optimum energy exchange occurs when 0 = 90'. since

in this case, the grating is not moving and so the coupling
III. PHYSICAL MEANING OF THE WAVE MIXING TERMS constant is not degraded by the finite response of the me-

Since each term in the coupled-wave equations derived dia.
in the last section is coupled to other terms, we must con- er
sider all the terms, at the same time, to obtain the actual C. Forward DFWM Terms

"nonlinear" effect. In this section. we discuss the sepa- The terms in the curly brackets in (9) are the forward
rate physical meaning of the self-phase modulation terms DFWM terms. They do not have a simple fixed phase dif-
in Section III-A. the two-wave mixing terms in Section ference as the two-wave mixing terms discussed above.
Ill-B, and finally, the forward DFWM terms in Section For example, the first DFWM term of (9b) corresponds
III-C. to the process in which the pump beam &I and the dif-

fracted beam &3 form a grating, and then part of the pump
A. Self-Phase Modulation Terms beam &I is diffracted from this grating into the probe beam

The first term in each of (9a)-(9f) is the familiar self- ,. The phase difference between the infinitesimal change
phase modulation term. In the case of a single incident dA, in the probe beam resulted from this diffraction, and
plane wave, only the phase of the wave is modulated by the probe beam itself &, is 2o, - 0- + 0 - ,k 3.
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,=0 Writing &I = II I e", (I 2a) can be readily solved by
decomposing it into two equations, with one being a func-
tion ofI 8I I only and the other a function of 01 only. Then
we have

P8,  = 8,(0) (13d) -

= -ig&l(O)i:z •  (13b)
Re Without loss of generality, we have arbitrarily chosen the

(a) initial condition of 0, (0) = 0.

Now, using (13), we may proceed to solve (12b) and
(12c) for the amplitudes of the probe beam 8 and the

=* 9C0  diffracted beam 83. We begin this with the following vai-
IA able changes:

/' -- :F1, 8 exp (ige'o 1&,(0) Jz) ( 14a) :"

&;3 &3'; exp (-ige- [;(0) IZz). ( 14b),- "I 8;

Substitution of (14) in (12b) and (12c) gives 6
Re

(b) A ,' = -l ) (8)* exp (ipz) (ISa)
Fig. 2. Vector diagrams for the probe beam field and the change in the dz I

probe beam field: (a) 6 = 0. (b) 4o = 90 ° . Note only the phase of the

probe beam is changed in (a) and only the magnitude of the probe beam d& 32 (F,*0I(.( (.15b
is changed in ,b). - = -ige ( exp (i 2 pz) (15b)dz

where
Clearly, this phase difference can not be solely controlled
by 6 as in two-wave mixing terms. Furthermore, it con- P= g I 0k(2 (16)
tains a phase mismatching factor Ak 3 z which can limit the
efficiency of the energy" transfer. As we can see in the Equation (15) can be solved by I) taking the derivative of
following discussion, the phase mismatching can some- (15a), 2) eliminating &3 from the new second-order dif-
times be compensated when all the'wave mixing terms are ferential equation, and 3) solving this equation for 83
considered simultaneously. which can then be substituted into (15b) to obtain the so-

lution for 83. This procedure yields '

IV. ANALYTICAL SOLUTIONS &2= 8;(0) exp [-i(g 1 (0)12 + (Ak 3/2))d]

Equation (9) is a set of complicated equations. The gen- I (1 a
eral analytical solutions are difficult to obtain and may not cosh (qd) - i - sinh (qd) 17a)
be illustrative. However. in order to gain some insights q
into the process associated with these equations, we may 83 =-i{"(0) exp [-i(g 1  2 1.(0)-x=3 X 0 x + (Ak3/2))d ]  ."
simplify the physical situations such that analytical solu- 2 %

tions can be more easily obtained. We can achieve this by p. 2 + q.2 sinh (q'd) (7b)
assuming a nondepleted pump beam (namely. 1811 q*ge&'I 8I , I
I 8". 1831, and so on) and a perfectly transparent me- V --.
dium (namely, of = 0). Under these conditions, (9) can where d is the interaction length and
be simplified to yieldd8= -ig{;,j 8I 1 q=-p- + g-l ,(0)l .'-:":

dz =[g 2
j8 1 (o)4 (4 sin o - (2 cos - )

d; ige,*(28,1 : 8d8+ 8;88' exp [-iAk3z]) - 4 sin 0(2 cos 0 - 1) + 1)

- g18 1(0)12(2 cos 0 - 1)Ak 3 - (Ak2/4)
d& (2 + &2d = -ige {,12{;3 + &3 1&exp[-iAk3z]) + 2isinkgl8,(0) ] -

12c) A 1,
Ak3 gl&1,(0) 2  for* 0.

where &I is the pump beam, &2 is the probe beam, and 83 =f
is the diffracted beam. Also, for simplicity, the medium ,
response factor is assumed to be included in g. (18c)

. ---- o-U-
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In obtaining (17), we have used the initial condition to-

83(0) = 0. (19)

Equation (17b) indicates that the amplitude of the dif- -
fracted beam &3 is proportional to the complex conjugate
of the incident probe beam amplitude &,(0). It is well (a) 12(d)/12(0)

known that this nature of the forward DFWM can be used 6-

to perform the forward optical phase conjugation process
[161-[181. From (17), we can also obtain the solutions in
intensity: = 2 "in (q ( b) 13(d)/12(0)

1 12(0) [Icosh (qd)! + IP1 sInh (qd

-2 Re iesinh (qd) cosh (q*d)q 0
I p 1 4 + qj4 + 2 Re (p 2q*) sinh (qd) 2 40 60 so IOU

13 -12(0) 41g2(0)q d (micron)

Fig. 3. Analytical solutions. (a) Probe beam gain versus interaction length.
(20b) (b) Normalized intensity of diffracted beam versus interaction length. n.

= 2.3 x 10 - cm2/w. 1 (0) = 20 W/cm., a (angle between the in-
where cident beams) = 0.001 rad. 0 = 0, X = 514.5 nm.

/1 = 2 IF 6 1 (21) bute to the intensity change of the probe and the diffracted
beams. This is because they could still change the phase

is the intensity of the jth beam, 77 = V = 377 Q, and matching condition. We may also draw the conclusion that
Re (x) represents the real part ofx. in the case of 0 = 0, if the pump beam intensity is high

From the following relations, enough or if the crossing angle between the input beams
nx 2 cosh [Re (2.)] - cos [Im (2x)] (22a) is small enough such that the phase matching is satisfied.

sinh x- oan exponential-like probe beam amplification becomes
possible.

Sexp [Re (2.r)], for x > 1 (22b) Fig. 3 is the plot of the probe beam gain [cf. (20)] and
cosh x = cosh [Re (2x)] + cos [Im (2x)] (22c) the normalized intensity of the diffracted beam as a func-

tion of the interaction length for 1, (0) = 20 W/cm, n,

exp [Re (2.r)], for x I (22d) 2.3 x 10-4 cm2 /W (typical value of n, for liquid crys-
R tals [191), d s 100 jm, and X = 514.5 nm. Fig. 4 is the

with Im (x) the imaginary part of x, and from (20) and plot of the same quantities versus the pump beam intensity
(22), we observe that if Re (qd ) >> 1, the probe beam 11 (0). Since the medium is very thin (d :_ 100 tim), the
gain is approximately an exponential function of Re (qd). square-law gain is observed here.
Define y = Re (q). Then. from (18c) and (19), we see V. NUMERICAL SOLUTIONSthat if 0 = 0, and 8gr~l(O)/Ak3 > I,

The numerical solutions of the coupled-wave equations
/Ak (9) are required if we remove those simplifying assump-

'(0 = 0) = Ak 3 ( 2g,711 (0) - 4 (23) tions (nondepleted pump beam and perfectly transparent
media, which may not be physically true) made in obtain-

Another interesting result is that if 6 = 0, qd - 0 (i.e.. ing the analytical solutions. Furthermore, in the numeri-
the medium thickness is thin) and 8g,71,(0)/Ak 3 >> 1 cal analysis. we have included three more diffracted
(i.e.. the crossing angle betwen the two input beams is beams. Essentially. some new features not predictable by
small). (22) become the analytical solutions may arise from the numerical so-

lutions.
12 - 12(0)(I + 4: 2g 21(O)d 2) (24a) 1) As a result of the pump depletion, the probe beam
13 - ,(O)4ntg2-l(O)d2 (24b) gain is also a function of the pump-to-probe beam ratio

" 4 0for a given pump beam intensity. In general, it increases

which is similar to the solutions obtained in [13]. with the pump-to-probe beam ratio and eventually ap-
The above discussion indicates that we cannot consider proaches a constant (or saturation) (see Fig. 5).

each wave mixing separately, even when some of the 2) If the initial exponential gain is high enough to com-
terms (in this case, the two-wave mixing and the self- pensate the exponential loss a. we expect to see the probe
phase modulation terms) do not seem to directly contri- beam gain decreases after it reaches a maximum at a crit-

' i--~-
- . '* *% ~ *,d 'h -. \~'.~ Jl~ ~" ,,\ ' .~ *
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to 20 30 40 50 610 Fig. 6. Numerical solution. Probe beam gain versus interaction length.

Note that this curve is different from the analytical curve in Fig. I. The

decrease of the probe beam gain beyond the so-called critical interaction
11(O) (Watt/c42) length is due to the pump depletion and the medium loss. a = 20.0

Fig. 4. Analytical solutions. (a) Probe beam gain versus pump beam in- cm-', I (0) = 20 W/cm., 1,(0) = 0. 1 W/cm:. = 0.
tensity. (b) Normalized intensity of diffracted beam versus pump beam
intensity. d 100 tim. b = 0.

20 --- j
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Fig. 5. Numerical solution. Probe beam gain versus pump-probe beam ra- /:
tio. Note that the gain saturates in the limit of large pump-probe beam
ratios. The difference between the pump beam intensities of two adjacent
curves is 20 W/cm-. at = 20.0 cm-', d - 100 gm, = 0. 06

ical interaction length (see Fig. 6). This is due to the de- 14

pletion of the pump beam, the decrease of the pump-to-
probe beam ratio, and the exponential loss. (Note that 1.
when the probe beam is amplified, the pump-to-probe I . /
beam ratio is decreased.),

3) Due to the presence of higher order diffracted beams, 13 'A
the energy of the probe beam can be depleted by other 0..

diffracted beams when the interaction length and the pump 20 30 40

beam intensity are increased (cf. Fig. 7). In fact, as a tt,,/,1

result of this depletion, the maximum probe beam gain (b)

(cf. Fig. 8) occurs at different values of ik for different Fig. 7. Numerical solutions. Energy transfer due to nonzero phase shift 0.
(a) Intensities of beams 1-6 versus interaction length 1, (0) = 20 W/cm"thicknesses as a result of these energy exchanges among I,0) = I W/cm. (b) Intensities of beams 1-6 versus pump intensity. %

the beams. d = l/0Am.-1(0) 1 W/cm-. o 40 in both cases.

-I?.'- AP d F o
-i -'-...
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Abstract

The extraordinarily large thermal and orientational nonlinearities of nematic liquid
crystal is studied in the context of amplified reflection in four wave mixing. Greater
than 100% reflection in wavefront conjugation can be obtained.

Introduction

Four wave mixings and related wavefront conjugation and other interesting real time
imaging processes have been studied by various workers using a variety of nonlinear
materials1 . In highly nonlinear media such as .BaTi04 and BSO, the large nonlinearities
enable probe (or image) beam amplification and self-ocillations with the use of low
power cw lasers 2 .3 .

In this paper, we will investigate the two mechanisms for optical nonlinearities in
nematic liquid crystals in tne context of probe beam gain or wavefront conjugation
reflection amplification, namely, the thermal nonlinearity4 associated with the ordinary
(dno/dT) and the extraordinary (dne/dT) rays, and the orientational nonlinearity 5 . The
mechanism and dynamics of these nonlinearities have been discussed in details recently,
and thus our principal discussions here are on the specific conditions whereby these beam
amplifications can be realized.

Discussion

Consider a homeotropically aligned nematic liquid crystal film Illuminated by two

linearly polarized (in the y-direction) lasers with propagation constant k1 and k2 " The

lasers interfere with one anotheC and, through some absorption in the nematic, set up a

temperature grating in the x direction with a grating constant A [A=2 T 1- 21 -1 ]."I

Realistically, of course, the temperature (and therefore the refractive index) grating
build up and decay are three-dimensional problems, which are further complicated by the
lasers finite beam width, the different thermal conductivities of the glass and nematics,
as well as the anisotropy in the thermal conductivities and refractive indices.
Nevertheless, without much loss of physical Insights, one can consider the simpler
soluble case where the laser beam is assumed to be a plane wave (true for beam size on
the order of a few mm while d and A are on the order of about 100 ums), and the heat
diffusion is assumed to be along the x-direction (which is a valid assumption for A ( d).
For A - d, then heat diffusion from the nematics to the glass walls (along the z r
direction) can also be taken Into account. However, once we know how the mechanisms and
dynamics of the process in the one-dimensional case, the two- or three-dimensional
problems do not really provide any newer insights.

In the one-dimensional case, the equation governing the temperature distribution is r .
given by

where the optical intensity lop is given by

11 2V Cos x (2) •op 1 2 A

[ 1 2/ cos (3)
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We are interested in the case where 12 ( I, so equation (3) may be rewritten as

Iop +111 * m cos -2-- ( 4

o0 P A

where m - 2/1 2 /lI. In equation (1), p is the density of the nematic, c the heat

capacity, K the thermal conductivity and a the light absorption constant.

There are two distinct time scales, namely, transient and steady state, which allow

one to clearly determine a set of conditions governing high wave mixing efficiency. For

a given grating constant A, the characteristic heat diffusion time is given by

T- For a typical nematic like PCB (Pentyl-Biphenyl), P1, c - 2 Joule *C 
1
gm-

k(21/A)
2

k-l0-
3 
Joule/cm sec OC. For A - 100 im, e.g. we have ' - [3.6] ms. We shall henceforth

refer to the steady state case as occurring when the time t ) T, while the transient case

is for t < -

In the steady state case, - 0. and we have

2a/I l12 2w
ATss )2 cos - x +c l  (5)

K(2m/A)

where c is an overall rise in the background temperature. On the other hand, for t C T.

we have

AT s PC - 2 Az(T r 2 (6)

where c2 is the overall background rise in temperature due to an optical illumination for

a duration wT. The maximum temperature rise at the intensity maxima from (5) and k6)

are, respectively

AT a, - 12/ 2 (- K (7)SS 12n2

and

AT - 2a/I -7 (P) (8)

ATTS is comparable to A7SS if tj - T.

The change in the refractive index due to the rise in temperature is given by

An - n(To AT) - n(To) (9)

whe-e T o is the initial temperature of the sample.

Assuming that the first terms on the R.H.S. of (5) and (6) are small compared to the

overall rise in temperature c and 02, we have for the steady state case

dnl  AT (10)

SS d 7 SS

T0 c

And for the transient case

dn AT (11)AnTS d7 TS

T +c%0T 2

As we remarked before, dn/dT for both ordinary and extraordinary rays are larger in

magnitude factor of more than 30 times near Tc. In the thin phase grating case (d ( A),
the first order diffraction efficiency from the phase grating is proportional to (An)

2
.

Efficilent wave mixings, therefore, can be obtained by setting the temperature (T0 -c1 ) or I(To. C2 ) at near Te (c.f. figure 2).
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Secondly, in the steady case, it is obvious that the wave mixing efficiency will also
Increase with larger grating constant (which is also observed experimentally).
Furthermore, since dn /dT is in general larger than dn /dT, a higher diffraction
efficiency can be obt ined if one uses a planar sample 18 - 0). In general, the
diffraction efficiency is an order of magnitude larger than If one probes dn lIT.

Referring to figure I (see also figure 3) for a reconstructing beam k - the

3 :
image (or generated) beam kF will be in the direction -k2. The ratio of intensity of
the beam 4 to beam 2, i.e. the reflectivity will increase as the parameters discussed in
the preceding paragraph are maximized. As reported in a recent preliminary study,
amplified reflection can be obtained In MBBA (Methoxy-benzylidene-butylanlline) sample
(which absorbs considerably at the 5145 A laser line) at incident laser power on the watt
range. Using an appropriate geometry that accounts for the scattered noise and the
coherence of the laser, self oscillations are also observed. In a typical experiment
involving a 75 um sample (and dnl/aT), a pump beam of - I Watt in power [beam size
1 mm 2 ] and a probe beam with a power of 1/200 that of the pump, a reflectivity of 1% is
obtained for a wave mixing angle of 1/200 radian at room temperature (22*C). For the
same mixing angle, the reflectivity increases by about 30 times near Tc . By decreasing
the wave mixing angle to about 1/450 radian, a reflectivity of more than unity can be
obtained.

Four wave mixing in liquid crystals using reorientational nonlinearities have been
studied in various context. In our first experiment on wavefront conjugation 6 , the
aberration correction capability is demonstrated. Recently, we have also demonstrated
the possibility of noise removal in wavefront conjugation using partially coherent
laser 7 . Fundamental studies of the four wave mixing efficiencies ba ed on
reorientational nonlinearity have also appeared. In this paper therefore, we will
investigate the conditions where amplified wavefront conjugation (or reflection) may be
obtained.

As shown in the previous study, the reorientational effect induced by two intersecting
laser is described by the Free energy density

f- 1 K La) K 2(L
2 K2 ax 22 az'

A- [E2 72 +2 cos(Lx)]sin(26)sin(26),
T-r 1 -2 1 2 A

where Ke is the elastic constant. Under the hard boundary conditions that e-O at Z-0 and
at z-d, and assuming an infinite plane wave in the direction, the solition for 8 Is

0.C 1 +C 2cos-!x) ] g(z), (13)

where C1 and C2 are to be obtained by the variational method, i.e., by setting 3F/;C1 -O
and 3F/C 2 -0, while g(z) is the normalized function g(z)-4)zd-z 2 )/d2 .

From the two conditions 3F/aCl-0 and DF/3C 2 -0, we obtain

2-

Cl 2 ) 2 E 2 )sin(28) (ia) -'

and

2 22 (5
2l71 k(q d +l0)

where q- (--)
A

Inserting (4) and (5) into (3) gives

3 Acsin(2 ) 2 E 220EIE 2 cos( x) 2 (
16-k 2 d2 )(zd-z ) (16)

72 / SPIE Vol. 613 Nonlinear Optics and Applications (1986)

b ~ ~ ~~ - ' IL- E.___ .



For optical fields propagating as shown in Fig. I, the effective dielectric constant
is given by

Ceff 2 2
c, cos (5Be) cisin (8B )

- C(B)+6c(e)+6E(e 2 ) (18)

for ac/c - AC/C ((1 and 8<<i. From (7) and (8). we obtain

C(O)-c I(l + AE sin (2B)) , (19)

C c

Sc(e)-O sin (28) , (20)

~2
We 2 )-92 c cos B , (21)

C1 I
In conjunction with (6) we note that 8, and therefore e() and 6E(8 2 ), are vanishing

for -O. For finite s, W0(e2 ) is much smaller than 6c(O) and thus may be neglected.
From equations (20) and (16), one can see that the laser induced dielectric constant
change 6W(e) is maximal at B=-50.

Secondly, the nonlinearity varies inversely as (d2 + A2 ), where d is the Sample
thickness, and A the grating constant. In our recent study on wavefront conjugation
(c.f. figure 3), an amplified reflection that traverse back along E, [beam c] can be
obtained under the following conditions: B - 220; d - A - 200 Pm; El - E 3 - 0.5 watt; E2

S0.01 watt; Oeam-size - 2 mm 2 . It is obvious from the rather modest powers involved
that the reorientational nonlinearity is a good candidate for wavefront conjugation with
gain studies.

It is also clear from these studies that the use of lasers at much longer wavelength
would be ideal, or conversely, nematic liquid crystal films are ideally suited for
wavefront conjugation using infrared lasers (e.g. C0 2 ). With CO2 - 10.6 Im versus the
0.5145 um of argon laser line, the wave mixing angle can be increased by 20 times (i.e. a
wave mixing angle of 1/20 radian (- 30)) while amplified reflection can still be
observable. Moreover, the reorientational effect is not wavelength sensitive.
Experiments with infra-red lasers are currently under way and will be reported in a
longer article elsewhere.
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Figure Caotions

Fig. 1. Schematic of lasers propagating in (a) a hormeotroplcally aligned nematic p
liquid crystal film and (b) a planar nematic film. The x-direction is perpendicular
to the plane of the paper; z-direction is parallel to n. For thermal effect, S - 0 or
900. For orientational effect, 8 - 220

.  %

Fig. 2. Observed dependence of the thermal grating diffraction as a function of the
temperature.

Fig. 3. A typical wavefront conjugation set up.
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